Effects of directional selection for some metric traits on hatchability and buffering capacity in the chicken by Hassan, Gamal El-Din Mohamad
Retrospective Theses and Dissertations Iowa State University Capstones, Theses andDissertations
1968
Effects of directional selection for some metric
traits on hatchability and buffering capacity in the
chicken
Gamal El-Din Mohamad Hassan
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/rtd
Part of the Genetics Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Hassan, Gamal El-Din Mohamad, "Effects of directional selection for some metric traits on hatchability and buffering capacity in the
chicken " (1968). Retrospective Theses and Dissertations. 3243.
https://lib.dr.iastate.edu/rtd/3243
This dissertation has been 
microfilmed exactly as received 68-10,463 
HASSAN, Gamal El-Din Mohamad, 1938-
EFFECTS OF DIRECTIONAL SELECTION FOR SOME 
METRIC TRAITS ON HATCHABILITY AND BUFFERING 
CAPACITY m THE CHICKEN/ 
Iowa State University, Ph. D., 1968 
Biology-Genetics 
University Microfilms, Inc., Ann Arbor, Michigan 
EFFECTS OF DIRECTIONAL SELECTION FOR SOME METRIC TRAITS ON 
HATCHABILITY AND BUFFERING CAPACITY IN THE CHICKEN 
by 
Gamal El-Din Mohamad Hassan 
A Dissertation Submitted to the 
Graduate Faculty in Partial Fulfillment of 
The Requirements for the Degree of 
DOCTOR OF PHILOSOPHY 
Major Subject; Poultry Breeding 
Approved: 
Hea'd^ of Major Department 
Iowa State University 
Ames, Iowa 
1968 
Signature was redacted for privacy.
Signature was redacted for privacy.
Signature was redacted for privacy.
ii 
TABLE OF CONTENTS 
Page 
I. INTRODUCTION 1 
A. Objectives 3 
II. DEFINITIONS 4 
III. REVIEW OF LITERATURE 7 
A. Theory of Natural and Artificial Selection 7 
B. Effect of Selection for Single Traits on 
Reproductive Fitness 8 
C. Stress Treatment During Embryonic Development 12 
D. Genetic Load 15 
E. Hatchability and Incubation Time 23 
F. Differences in Embryonic Growth Rate 
IV. EXPERIMENTAL POPULATIONS AND METHODS / 29 
A. Stress Factors Influencing Hatchability 
and Hatching Time 31 
B. Embryonic Growth Rates of Different Lines and Crosses 34 
C. Estimation of the Genetic Load Disclosed by Inbreeding 36 
D. The Contribution of the Genetic Load and Maternal Effect 
in Reducing Hatchability as a Component 
of Fitness 38 
V. RESULTS 42 
A. Effect of Selection for Single Traits on Hatchability 42 
B. Genotypic Differences in the Buffering Capacity of 
Embryonic Development Against Stress Treatments 
C. Estimation of Genetic Load and Selection Load 
(Maternal) Effect 57 
D. Differences in Embryonic Growth Rate 62 
E. Hatchability and Incubation Time 67 
VI. DISCUSSION 72 
A. Objectives and Accomplishments 72 
B. Fitness Decline and Selection 73 
C. Genetic Load and Inbreeding Depression on Hatchability .... 7 6 
D. Hatching Time and Hatchability 78b 
E. Rate of Embryonic Development SO 
F. Buffering Capacity and Genetic Homeostasis SO 
iii 
TABLE OF CONTENTS 
(Continued) Page 
VII. SUMMARY 85 
VIII. CONCLUSIONS 88 
• IX. BIBLIOGRAPHY 89 
X. ACKNOWLEDGMENTS 98 
XI. APPENDIX 99 
1 
I. INTRODUCTION 
Homeostatic genetic mechanisms of natural selection can preserve 
normality of development either by eliminating alleles causing abnormal 
phenotypes under normal environments or by eliminating alleles which in­
crease the sensitivity of developing organisms to environmental stress 
conditions. Waddington (1957) referred to these two types of natural se­
lection as "normalizing" and "canalizing" selection, respectively. 
A number of investigators in population genetics have recently turned 
their attention to the genetic basis and evolutionary implications of 
physiological homeostasis. The argument is that natural selection favors 
those genotypes which are best buffered. Since wild-type organisms are 
usually less variable than mutant types, developmental reactions in wild-
type organisms are evidently well canalized, i.e. they are well buffered 
towards changing environmental influences. The degree of adaptedness of 
individuals and of groups in cross-fertilized species may well be a 
function of their degree of heterozygosity. If the heterozygotes can 
better adjust to changes in environment than homozygotes, then it is said 
that heterozygotes are better canalized (Waddington, 1957), or they are 
better buffered in their developmental process than homozygotes, or that 
they exhibit greater homeostatic properties (Lerner, 1954). In essence, 
all these statements are essentially equivalent. 
The chicken is a good species model to study the homeostatic genetic 
mechanisms of a population. Also studies with chickens have a bearing on 
problems of applied breeding. For example, hatchability is a convenient 
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fitness component that may be sensitive to selection for some metric 
trait. Therefore, the hatchability of chicken eggs represents a conveni­
ent and useful system for experimental studies; the system is easily 
manipulated and various environmental stress factors can be easily ap­
plied. The survival of chick embryos subjected to an environmental stress 
will enhance the action of natural selection, only if the embryos are 
well buffered genotypes, i.e. those which develop even under the stress 
conditions should survive. 
Morton, Crow and Muller (1956) in a pioneering paper, gave a method 
for determining from inbred and outbred individuals whether the genetic 
load in a population was due mainly to deleterious genes maintained by 
mutation pressure (mutational load) or to genes maintained because the 
heterozygote was superior to the homozygotes (the segregational load). 
Although the theory has been applied to Drosophila and Tribolium, very 
little work has been done with farm animals. The present study is an in­
vestigation of the genetic load in five different lines of chickens. 
Hatchability of eggs as an economic trait of the fowl has been in­
tensely studied. Both genetic and environmental factors affect hatch-
ability rate and the time required for embryonic development. Apparently, 
no one has considered the influence of selection for a metric trait on 
hatchability and rate of embryonic development. Obviously, since the en­
vironmental variation within an incubator is easier to control than, say, 
that within a brooder house or laying house, genetic differences between 




1. To study the decline in. hatchability (as a reproductive fitness 
character) in different lines and crosses of Leghorn chickens as a cor­
related response to selection for single metric traits; high and low 
body weight, and high and low egg weight. 
2. To estimate the genetic load disclosed by inbreeding resulting 
from finite population size. 
3. To study the contribution of genetic load and maternal effect 
in reducing hatchability. 
4. To determine the influence of egg size and prolonged pre­
incubation storage on buffering capacity of different genotypes. 
5. To study differences in embryonic growth weight between selected 
lines and crosses. 
6. To study the relationship of hatching time to hatchability as 
affected by selection for body weight and egg weight. 
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II. DEFINITIONS 
Buffering - ability to resist environmental stress conditions (Thoday, 
1953). 
Fitness - ability to be represented in the future generation (Fisher, 
1930). 
Genetic equilibrium - state of constant composition of the gene pool 
(Wright, 1931). 
Genetic homeostasis - mechanism of self regulation on a genotypic level 
(Lerner, 1954). 
Genetic load - the proportion by which the average fitness in the 
population is decreased in comparison with an optimum genotype or 
with what it would be if the factor under consideration (mutation) 
were absent (Crow, 1958). 
Mutational load - is due to recurrent harmful recessive mutations (Morton, 
Crow and Muller, 1956). 
Segregational load - is due to segregation of inferior homozygotes at 
loci where the heterozygote is favored, i.e. over-dominance (Morton, 
Crow and Muller, 1956). 
Selection load effect - is due to Aq of specific metric trait genes or 
genes influencing egg size. 
Substitutional (evolutional) load - is due to the necessity for allele 
replacement in a changing environment by natural selection 
(Kimura, 1960). 
Lethal equivalent - is a group of mutant genes of such number that, if 
dispersed in different individuals, they would cause on the average 
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one death, e.g., one lethal gene, or two genes each with a 50 per­
cent probability of causing death, etc. (Morton, Crow and Muller, 
1956). 
Total mutational damage per gamete - is the average number of lethal 
equivalents in the zygote that would result from doubling the 
chromosomes of this gamete (Morton, Crow and Muller, 1956). 
Major fitness components - characters closely related to fitness (Robert­
son, A., 1955). 
Minor fitness components - characters with slight influence on fitness 
(Robertson, A., 1955). 
Selection - non-random differential reproduction of genotypes (Lerner, 
1958). 
Artificial selection - selection imposed by man. 
Directional selection - selection for extreme expression of a character. 
Natural selection - selection for the fitter .individual. 
Fitter individual - in the evolutionary sense is the individual which 
leaves the greatest number of offspring which in turn will transmit 
the inherited material from their parent to future generations 
(Darwin, 1859). 
Canalizing selection - selection against alleles which increase the 
sensitivity of developing organisms to environmental stress condi­
tion (Waddington, 1957). 
Normalizing selection - selection against alleles causing development of 
abnormal phenotypes under normal environments and it is equivalent 
to the effects of relaxing selection (Waddington, 1957). 
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No turning treatment - no turning of the incubated eggs the first 10 
days of incubation. 
Storage periods - the period of time from the day the egg is laid to the 
first day of incubation. 
Genotypes - in this study the term is mainly used to designate a particu­
lar line and cross. 
Genetic groups - is used to designate groups of selected lines, or crosses 
or the control population. 
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III. REVIEW OF LITERATURE 
A. Theory of Natural and Artificial Selection 
According to Fisher's (1930) fundamental theorem of natural selec­
tion, fitness will always tend to increase as a result of natural selec­
tion. However, Haldane (1937) indicated that fitness is also dependent 
on the mating system and will be influenced by the degree of inbreeding 
and the departure from random mating. When departures from random 
mating, gene interactions and linkage are taken into account, fitness 
can actually decrease under natural selection as showed by Crow and 
Kimura (1956), and Kojima and Kelleher (1961). 
Wright (1931) predicted that fitness would decline upon disturbance 
of the equilibrium by opposing forces such as mutation and artificial 
selection. 
In natural populations, intermediate values for metric traits are 
optimum for fitness (Fisher, 1930). On this basis, Haldane (1954) as­
sumed that fitness is distributed normally with respect to a metric trait 
and thus declines in proportion to the square of the deviation of the 
metric trait from its mean. If metric traits are inherited through many 
genes with small individual effects which act in an additive manner the 
intermediate phenotypes tend to be the most heterozygous genotypes. Thus, 
selection against extreme phenotypes is, in effect, eliminating the more 
homozygous genotypes. This view is supported by Lerner (1954) in his 
development of the concept of "genetic homeostasis". According to this 
model, every population has a mechanism of self-regulation through which 
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it adjusts itself genetically in order to retain maximum fitness under 
changed conditions. This mechanism is based on the assumption of addi­
tive genetic control of metric traits and of overdominance for fitness. 
Under these assumptions, since natural selection favors heterozygotes, 
genetic variabilities aire preserved. 
On the other hand, when one assumes that intermediate phenotypes are 
more fit because they are intermediate for metric traits, continued selec­
tion for intermediates will lead to gene fixation (Robertson, 1956; Latter, 
19Ô0). The influence of the trait under selection on fitness is a major 
factor determining selection limits (James, 1962). 
Artificial selection changes gene frequencies, directionally 
at loci which influence these traits but also at closely linked loci. In 
addition, random changes in gene frequencies become important when the 
size of the breeding population is restricted (Robertson, 1960). 
B. Effect of Selection for Single Traits 
on Reproductive Fitness 
Selection for metric traits, such as body weight, length of leg, or 
wing length is usually accompanied by reduced reproductive fitness. In 
Drosophila melanogaster, selection for short wings seems to reduce fit­
ness more than selection for long wings (Latter and Robertson, 1962). 
Also in the same species downward selection but not upward selection for 
body weight seems to reduce egg production (Sheldon, 1963). In mice, low 
body weight seems to reduce litter size while high body weight increases 
litter size (MacArthur, 1944; Falconer, 1955). Since the latter would 
tend to increase the selection differential, the response to upward 
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selection should be greater than to downward selection. 
Selection for high or low body weight in mice may also lead to 
sterility in some strains of mice (Fowler and Edwards, 1960). Sterility 
was observed in both a high and a low body weight line of one strain but 
not in the corresponding lines of another strain. However, in both strains 
the number of eggs found after natural matings was considerably higher in 
the large lines than in the small lines. 
It seems that because of intense selection by commercial turkey 
breeders for increased body weight and broad breast conformation, low 
reproductive fitness (fertility and hatchability) has become a major 
problem in many commercial flocks. As a consequence the correlation be­
tween body weight and fertility may become negative (Berg and Shoffner, 
1954). Then further selection for large body size would reduce fertility 
even more. Fertility of eggs from medium or large turkey hens was lower 
than small hens when mated to either large or small toms (Rooney, 1957). 
Ogasawara et a]^. (1963) found that egg production, also a major 
fitness component, did not change after six years in two lines of turkeys 
selected for eight and 24 week body weight respectively. As expected, 
fertility and hatchability tended to decrease. 
Not all reports show that hatchability and egg production are ad­
versely influenced by selection for body weight (Clark and Cunningham, 
1953; Lerner, 1958; Maloney et al., 1963). However, Siegel (1963) re­
ported percent hen-day egg production was negatively correlated with 
eight week body weight, i.e., egg production was lower in large lines 
than in small lines. 
Lerner and Dempster (1951) reported that selection was very effective 
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for increased shank length in chickens during the first seven generations 
but subsequently dropped sharply because of reduced hatchability. They 
estimated that two thirds of decrease in rate of response could be ac­
counted for by opposing natural selection for hatchability. 
A decline in hatchability has also been shown to limit the re­
sponse to selection for egg weight in chickens (Shultz, 1953). After 
four generations of two-way selection for egg weight in an inbred Leghorn 
line the population plateaued. Presumably, natural selection tended to 
eliminate dams with high egg weight in the high lines and dams with low 
egg weight in low lines. 
That intermediate sized chicken eggs hatch better than either ex­
treme is well known (Halbersleben and Mussehl, 1921-1922; Skoglund et al., 
1948). Landauer (1961) presented an extensive review of literature on 
the relationship between egg size and hatchability. In general, the detri­
mental effect on hatchability of large eggs is more conclusively demon­
strated than that of small eggs, but the relationship between egg weight 
and hatchability is undoubtedly curvilinear. A negative relationship 
between egg size and hatchability has also been reported for turkey eggs 
(Marble and Margolf, 1936; Brunson and Godfrey, 1953) as well as duck 
eggs (Rendel, 1943). 
Lerner and Gunns (1952) reported that optimum egg weight for hatch-
ability was somewhat below the population mean. The authors accounted 
for this by the slight selection for higher egg weight in this flock. 
They concluded that optimum egg weight may vary from flock to flock as 
the mean egg weight varies. This strongly suggests that influence of a 
metric trait on fitness is not the same for all populations. 
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In populations where the distribution of egg weights is markedly 
asymmetrical, the regression; of hatchability on egg weight is often 
linear. The White Leghorns studied by Coles (1956) had a mean egg weight 
of 55 grams with a range of 47-76 grams; hatchability declined linearly 
with increasing egg weight. The author also demonstrated that eggs 
closest to the mean of each individual hen hatched best. At least this 
seemed to be the case when the mean egg weight was neither extremely 
large nor extremely small. 
The negative genetic correlations observed in a flock of White 
Leghorns with a mean egg weight of 55 grams (Crittenden and Bohren, 1961) 
suggests that the relationship between egg weight and hatchability is 
linear at thé genotypic level. Also the genetic correlation between 
egg weight and egg production is evidently negative and linear (Wyatt, 
1954; Abplanalp, 1957; King, 1961). Therefore, one might expect fitness 
to decrease in flocks selected for low egg weight. 
Hiraizumi (1961) found that selection for high rate of larvel de­
velopment in Drosophila melanogaster decreased fertility. The negative 
correlation between these two traits was observed only in lines with fast 
development while the correlation was positive in lines with slow de­
velopment. 
In commercial poultry breeding, some progress seems to have been ac­
complished from selection for high egg production. Studies by Dempster 
et al. (1952) seemed to show response from continued selection for egg 
production in a flock of White Leghorn chickens although the rate of gain 
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seems to have diminished in later years. 
Since egg production is highly sensitive to environmental changes 
in temperature, feed, etc., selection for high egg production should 
favor individuals with higher buffering capacity (Lerner, 1955). In 
this case fitness is not expected to decline with selection for high egg 
production. Nordskog and Giesbrecht (1964) reported a 3 percent decline 
in egg production per generation in a relaxed selection experiment in­
volving three commercial lines initially selected for high egg produc­
tion. The authors argued that natural selection may not necessarily favor 
maximum egg production since it is only one of several components of re­
productive fitness, but since it is not fitness itself, a decline in egg 
production is possible with relaxed selection. 
Neither genetic nor phenotypic correlations between egg production 
and hatchability were negative according to Hill et al. (1954) and Coles 
and Underwood (1954). Likewise, high producing birds tend to lay a 
higher percentage of fertile eggs (Warren and Kilpatrick, 1929; Lamoreux, 
1940) and generally have higher hatchability than low producers (Krueger 
et a]^., 1952; Dempster at aj^., 1952; Nordskog and Hill, 1958). 
C. Stress Treatment During Embryonic Development 
Evidence shows that heterozygotes are better buffered than homo­
zygotes (Lerner, 1954). For example, bilateral asymmetry of chaeta 
number in Drosophila melanogaster is more pronounced in inbred lines 
than in crosses (Mather, 1953). Artificial selection for high and low 
chaeta number increases bilateral asymmetry, indicating that directional 
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selection decreases buffering capacity of an organism (Thoday, 1953). 
Some loss in buffering capacity was also observed with disruptive selec­
tion for developmental rate in Drosophila melanogaster (Prout, 1962). 
Since high buffering capacity might mask a useful genetic variation, 
the application of stress treatment to organisms may help to reveal hidden 
variability. Waddington (1952) showed that Drosophila melanogaster pupae 
produced crossveinless phenocopies when subjected to temperature shock. 
Two-way selection for the frequency of appearance of these phenocopies 
was so successful that eventually crossveinless phenotypes were produced 
even without temperature shock. 
Shock treatment during embryonic development of turkeys seemed to 
permit considerable progress in selection for increased hatchability ac­
cording to Carson (1964). Hens hatched from eggs exposed to 70°F for 
five hours at day of transfer produced hatching eggs of nine to 16 per­
cent higher hatchability than hens hatched from untreated eggs. 
Chicken embryos are quite resistant to temporary cooling during in­
cubation although their sensitivity varies with different stages of de­
velopment. Exposure for 12 hours at 70°F reduced hatchability by less 
than four percent (Taylor et , 1933). No differences were found in 
sensitivity during various stages of development. However, six to seven 
day old embryos and embryos older than 17 days seem to be the most sensi­
tive stages of embryonic development when drastic treatment, such as 36 
hours exposure to 70°F or 24 hours to 55°F, is applied (Moreng and Bry­
ant, 1956). The same peaks of sensitivity were observed when incubated 
eggs were cooled to -10°F for 70 to 125 minutes (Moreng and Bryant, 1954). 
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As expected, embryos of different genetic origin show different 
sensitivities to low temperature exposure. Lerner (1955) found that the 
hatchability of chilled eggs from a strain selected for high egg produc­
tion was 55 percent, compared to a hatchability of 35 percent for an in­
bred line relative to untreated control eggs. The relative hatchability 
of eggs from crosses between these inbred lines was 75 percent under stress 
treatment. 
When eggs from 12 different sources were stored at 32°F for five 
days prior to incubation, a marked reduction in hatchability occurred 
(Olsen, 1951). Eggs from inbred Leghorn hens were least sensitive while 
eggs from outbred Rhode Island Red hens were the most sensitive. These 
results are contrary to the usually observed better buffering of hetero-
zygotes (Lerner, 1954). 
Wehrli (1964) observed reduced hatchability when eggs from differ­
ent lines selected for single metric traits, and crosses between them, 
were chilled 12 hours at 55°F on the 18th day of incubation. She con­
cluded that directional selection for either high or low egg weight did 
not decrease the buffering capacity of hatching eggs to chilling during 
incubation. She suggested that canalizing selection may have been more 
effective in increasing resistance to chilling than an increase in 
heterozygosity. Directional selection increased sensitivity to pre­
incubation of eggs while increased heterozygosity (crossbred embryos) de­
creased the sensitivity. 
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D. Genetic Load 
In diploid outbreeding organisms the deleterious mutants carried by 
the population are only partly expressed in each generation, because they 
are concealed by more favorable dominant alleles. However, the total 
hidden mutational damage carried by the population can be estimated in­
directly from the detrimental effects of consanguinous matings. 
Different types of genetic load have been described in the litera­
ture including the mutational and segregational loads of Morton, Grow 
and Muller (1956), the substitutional load of Kimura (1960) and the in­
compatibility load reported by Grow and Morton (1960). 
Four methods of estimating the magnitude of mutational load have 
been proposed. The most widely used is that of Morton, Crow and Muller 
(1956) which also estimates the segregational load. They derived the 
following formula 
-LnS = A + BF 
where S is the survival percentage, A is the expressed load in the random 
mating population, B is the increase in the load due to complete homo­
zygosity and F is Wright's coefficient of inbreeding. The independence 
of different causes of death, genetic or environmental, is assumed. 
Epistasis is assumed to be absent. The total number of lethal equivalents 
per gamete is equal to the sum of B plus the genetic part of A, i.e., the 
total number lies between B and B + A. 
Under low inbreeding levels and low mortality, the above formula is 
approximately. 
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(1-S) = A + BF 
Thus, lethal equivalents can be estimated as the regression coefficient 
of mortality percent on F. 
Freire-Maia and Freire-Maia (1960) estimated the number of lethal 
equivalents (D) per zygote from 
22N(Si-8c) D = = —
KjZFjnj 
where K is the number of different causes of death; S- and S are the 
^ c 
survival percentages in an inbred and a control sample, respectively; 
Fj is the coefficient of inbreeding of the individual; n^ is the 
number of observations associated with F< and N is -Zn.. Here D would j j 
theoretically be due only to mutational load. Independent loci are as­
sumed. The error introduced into data by deaths of those individuals 
simultaneously homozygous for two or more lethals or semilethals is as­
sumed to be small. 
The fourth method (Freire-Maia and Freire-Maia, 1964) includes cor­
rections for mortality in a control sample, and for the simultaneous 
homozygosity of two or more lethals or semilethals. When a control sam­
ple with F = 0 is available, the formula for B (the number of lethal 
equivalents per gamete, theoretically due to mutational load, only) is, 
^ ^  Log (Si/Sc) 
2n Log[l-(Fi/2n) 
where F^ is the mean coefficient of inbreeding of inbred groups, 
and are the survival rates in the inbred and control populations, re­
spectively, and n is the average number of common ancestors per con­
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sanguineous mating. When a control sample is not available, two sub-
samples with different levels of inbreeding (F2 > ) and different 
average survival percentages may be substituted in the formula, 
R = Log (S2/S1) 
2n Log[l-(F2-Fi)/2nJ 
Kimura et al. (1963) studied the relationship between mutational 
load and mutation rate. He concluded that, in general, mutation load is 
never less than the mutation rate u« In a large population, the mutation 
load is usually between u and 2u, depending on dominance. However, in a 
finite population the load may be many times the mutation rate and ap­
proaches the value of the selection coefficient, S, as a limit in small 
populations where the rate of reverse mutation is negligible. 
Crow (1958). concluded that if fitness is greatly decreased by in­
breeding, it is attributable largely to mutation load rather than 
segregational load. Crow pointed out that Haldane, (1949) earlier dis­
cussed the possibility for distinguishing segregational load from muta­
tional load: that for a heterotic locus, the parent-offspring correla­
tion in fitness is zero for a population in equilibrium. On the other 
hand, the sib correlation should approach .5 for small values of S and 
K where S and K are deviations of homozygotes from optimum fitness of 
heterozygotes. The situation is entirely different for a rare dominant 
factor. In that case the parent-offspring and sib correlations would be 
about the same, approaching .5. Therefore, the extent that parent-
offspring correlation in fitness agrees with the sib correlations may be 
a measure of the mutational load. Crow (1958) tried to separate mutational 
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and segregational loads by differential response to inbreeding. He con­
cluded that at equilibrium ^ = 2 where Lj, Lr are the loads under in-
breeding and random mating, respectively. The B/A value of Morton, Crow 
and Muller (1956) should theoretically equal one, if load is segregation­
al. Thus, by comparing the loads under random mating and inbreeding, the 
type of load can be determined, at least theoretically. 
Deriving formulas similar to Lj/Lr  for mutational and segregational 
load, Sanghvi (1963) concluded that most of the segregation load in a 
random mating population is due to the homozygote with higher fitness, say 
AA, since this will be more prevalent than the A'A* homozygote at equilib­
rium. Under complete homozygosis the segregation load will be distributed 
half to AA and half to A'A'. 
Crow (1963) reemphasized the point stated in his 1958 paper that the 
Lj/L]^ ratio can be interpreted in terms of allele numbers and dominance 
only if inbreeding occurs without a change in gene frequencies in a popu­
lation that has reached an equilibrium under the previous mating system. 
For this reason the theory can be applied, strictly speaking, only to a 
population where all inbreeding takes place in one generation, so that 
gene frequencies are not affected by natural selection against the 
homozygous mutants. Therefore, his method is not strictly applicable 
(without considerable modification) for populations with a history of 
inbreeding over several generations, as in most domestic animals. 
Crow also stated that the Lj/L^ ratio suffers from the fact that 
while a high value suggests mutational loci as the major cause of in­
breeding decline, a low value offers no evidence for the contrary hy­
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pothesis, since it may be simply due to errors of measurement, to in­
flation of the denominator by a large nongenetic component, or to other 
extraneous factors. The theory applies only to traits that are highly 
correlated with fitness (strictly, only to fitness itself). The L%/L^ 
criterion is inapplicable when selection of different genotypes is for 
different traits or is carried out in different periods of the life 
cycle. 
Li (1963a), in a criticism of Crow's 1958 paper, stated that the 
doubling of the segregational load under inbreeding (L%/L% = 2) is a con­
sequence of the notation system (l-S:l:l-t) for relative fitness of 
AA:AA':A'A', but he is in error. The ratio = 2 no matter what 
relative values are given to genotypes. The rest of Li's paper follows 
erroneously from this mistake. 
Li (1903b) showed that at equilibrium, when the relative fitness of 
the segregation and mutation models are closer together, the loads will 
be farther apart. Thus, the larger the h, the less effect of inbreeding 
and the harder to distinguish mutational from segregational load. 
Lj/Lj^ = l/2h for the mutational load: The larger the h, the smaller the 
ratio. If a gene is extremely harmful its equilibrium frequency will be 
lower than if it is less harmful. 
Li (1963b) also pointed out that the magnitude of the load is not 
always a measure of relative fitness of the population. Thus, the more 
beneficial the mutation, the larger the load. The largest load does riot 
necessarily mean the worst population. 
Levene (1963) showed that epistasis will inflate the segregational 
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load if the homozygotes are less fit in combination with each other and 
deflate the segregational load if the homozygotes are more fit. If 
double or triple homozygotes are less fit under a simple additive model, 
the plot of the load against F would curve upward for large F, due to 
increase in double or triple homozygotes. 
In the Morton, Crow and Muller formula,data are extrapolated to 
F = 1 on the assumption that the effects of different harmful genes at 
different loci are additive. Dobzhansky et a]^. (1963) compared the load 
estimated by inbreeding in a natural population of Drosophila pseudoobscura 
with lethal equivalents estimated from the difference in viability be­
tween individuals homozygous for various marked chromosomes and hetero­
zygous for these chromosomes. By the Morton, Crow and Muller method, 
they obtained B estimates between .47 and .74 with B/A values between 3.6 
and 5.8. Using the method of marked chromosomes, the B estimate from the 
2nd, 3rd and 4th chromosomes was 1.429. Dobzhansky concluded that 
epistatic effects are important and that the genetic load is underesti­
mated using populations with low levels of inbreeding. 
Malogolowkin-Cohen ^  al_. (1964) estimated B from Morton, Crow and 
Mailer's formula in wild populations of Drosophila willistoni. They 
found A = .17 and B = 1.09, and B/A = 6.142, for all levels of inbreeding 
(F = 0, 1/8, 1/4). When calculated separately 
A B B/A 
F = 0 and 1/8 .171 . 828  1.840 
F = 0 and 1/4 .171 1.130 6.608 
F = 1/8 and 1/4 . 096  1.435 14.948 
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The difference between B = .828 and B = 1.435 is statistically sig­
nificant. Malogolowkin-Cohen et al_. (1964) concluded this difference was 
due to epistatic effects at high inbreeding levels. The larger B/A = 
14.948 is due partially to a larger B value and partially to a lower A 
value. Since the Morton, Crow and Muller formula assumes a linear re­
gression of -Ins on F, a greater slope (B) would lead to a lower slope 
intercept (A). 
Malogolowkin-Cohen et a_l. (1964) also estimated B from the Dobzhansky 
et al. (1963) method of marked chromosomes. They found B = 1.46, again 
indicating epistatic effects. 
Rasmusson (1933) cited several cases where the proportionally large 
drop in fitness occurs at higher levels but does not at low levels of in­
breeding. He considered this as evidence of epistasis. Any mechanism 
that reduces recombination along chromosomes should help to build up fre­
quencies of epistatically favorable genes on such segments of chromosomes 
(Kojima and Schaffer, 1964). When a component of fitness multiplicatively 
determines total fitness (e.g. fertilities and viability) genes affecting 
the components are epistatic and fall into this category. Accordingly, 
epistatic genes tend to accumulate closely together on a chromosome. 
The epistatic addition to total fitness will'determine how loosely this 
linkage may be. 
When epistasis is present in a heterotic model, Nei (1965) theorized 
that the load under random mating, Lj^, declines, as the recombination value, 
r, declines. On the other hand, the inbreeding load, Lj, may either de­
crease or increase with a decrease in r, depending on the equilibrium 
value of the linkage disequilibrium. When the linkage disequilibrium 
is positive > —), the inbreeding load decreases as r decreases but 
ab AB 
with negative linkage disequilibrium the load increases. However, L;I/LR 
will always be less than or equal to the number of gametic types. Hence 
epistasis and linkage should not make LJ/LR much larger than expected 
with no epistasis. Nei (1965) plotted the segregational load at certain 
levels of inbreeding against the inbreeding coefficient (F = 0, .5). 
The segregational load increased almost linearly with F, when the recom­
bination value was not large. For independent or nearly independent loci, 
the relation between load and inbreeding becomes slightly curvilinear, 
increasing faster at low levels of inbreeding. 
The mutational load, Lj, relative to always increases as the r 
value decreases (Nei, 1965). However, since the increase is not large, 
the ratio of mutational loads should be greater than the ratio of 
segregational loads even with epistasis and linkage. 
Little estimation of genetic loads has been done for economic species. 
However, the overall harmful effect of inbreeding has been widely reported 
in most economic species. Pisani and Kerr (1961), from data reported in 
the literature on the effect of inbreeding on traits in economic species, 
estimated lethal equivalents from the Morton, Crow and Muller formula 
(-Ins = A + BF). He reported 1.69 lethal equivalents per zygote (2B) 
affecting hatchability in Single Comb White Leghorns and 5.68 in Barred 
Plymouth Rocks. The B/À ratios were 6.217 and 9.550, respectively. 
Pisani concluded that the B/A ratios agreed with other information on 
chickens, i.e. that some of the genes responsible for the deleterious 
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load have overdominant effects, and some have more than 2 alleles per 
locus. 
Pisani also analyzed data of Hodgson (1935) on litter size in 
Poland China pigs. He assumed that maximum fitness equals the number 
of pigs in the largest litter. The pooled estimates for 3 lines of pigs 
were: B = .816, A = .01, B/A = 78.229. For early life survival of pigs 
born: B = .200, A = .261, and B/A = .769. Thus, the average lethal 
equivalents per Poland China hog affecting embryonic and early life were 
2.032 (adding 1.63 to .400). 
Pisani concluded that Jiersey and Holstein cattle have very low av­
erage lethal equivalents. The only significant value found was for genes 
affecting viability from birth to 4 months in Jerseys, in this case 
B = 1.07 and A = .147. 
Hicks (1967) estimated the B/A ratio in five different breeds of 
swine. Her estimates ranged from 14.05 for Poland China males 56 to 154 
days of age to 294.80 for Duroc females from birth to 3 days of age. 
This suggests a mutational load. The expected values of B/A are even 
larger and the standard errors show the load ratio to be much larger than 
zero. No evidence of epistasis was found. Curvilinear effects in Duroc 
females from birth to 3 days and Duroc males from 21 to 56 days were 
thought to be due to selection over generations. Linear estimates of the 
number of lethal equivalents per zygote (2B) ranged from .393 to 1.042. 
E. Hatchability and .Incubation Time 
It has long been known that hatchability declines after extended 
storage of hatching eggs (Wait, 1919, Scott, 1933, and Funk, 1934) and 
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the same holds true for turkey eggs (Asmundson, 1947, Abplanalp and 
Kosin, 1953, and Kosin, 1954). On the other hand, there is disagreement 
as to the age of the eggs when the decline occurs. Thus, Scott (1933) 
reported that turkey eggs could be held 28 days with little decline in 
hatchability, while others reported a decline after much shorter storage 
periods. 
Abplanalp and Kosin (1953) estimated higher heritability for hatch-
ability when based on turkey eggs stored eight to fourteen days than eggs 
stored only one to seven days prior to setting. Kosin (1954) further ob­
served differences between strains of turkeys in resistance to storage 
effects with the higher hatchability "trains, generally being more re­
sistant to harmful effects of storage than the lower hatchability strains. 
This might explain, in part, the findings of Scott (1933) who reported a 
hatch of over 85 percent for the strain of turkeys he studied. Evidently 
chicken eggs stored prior to setting require a longer incubation period 
than fresh eggs (Funk, 1934). 
Byerly (1933) also studied egg weight and storage time on the length 
of the incubation period in chicken eggs. With an increase in either 
egg weight or time of storage, the incubation period increased, Bohren 
et al. (1961) reported a small and non-significant correlation between egg 
weight and hatching time within hens. However, the correlation between 
egg weight and hatching time hen means, was statistically significant. 
A correlation between holding time and hatching time was observed within 
hens but not between hen means. This study showed that hatching time and 
its interaction with holding time and egg weight must be taken into ac­
count to properly assess the role of inheritance to hatchability. On the 
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contrary, Olsen (1942) found no difference in hatching time of turkey 
eggs stored one to 16 days prior to incubation. It would seem unlikely 
that such a difference between chicken and turkeys really exists. 
Egg size is also a factor which undoubtedly affects both hatch-
ability and hatching time. While the consensus among investigators is that 
large eggs hatch more poorly than medium eggs, there is considerable dis­
agreement with regard to the relative hatchability of small eggs 
(Landauer, 1961). Coles (1956) reported an inverse relationship between 
egg weight and hatchability, both within and between hens. A similar 
relationship was earlier reported for turkeys (Byerly and Marsden, 1938). 
In the case of chickens, Byerly (1933), McNally and Byerly (1936) 
and Williams, Godfrey and Thompson (1951) all have shown that large eggs 
have a longer incubation period than small eggs. This seems true also 
for turkeys (Olsen, 1942). A positive relationship between egg volume 
and hatching time has been reported for a wide array of avian species in­
cluding humming birds and ostriches (Worth, 1940). 
Some evolutionary significance is attached to the egg-size-incuba­
tion time relationship by Worth (1940). Most species of birds having 
shorter incubation periods than predicted on the basis of their egg 
volume, were typically subject to prédation or to some other type of en­
vironmental onslaught. On the other hand, those species with longer in­
cubation periods than predicted were largely birds of prey with adequate 
means of offense and defense, to which a shortened incubation period 
would offer no survival advantage. If this is true then eggs of domesti­
cated hens should require a longer incubation period than the jungle fowl 
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since there is a difference in egg size. 
While no conscious selection for a shortened incubation period may-
have occurred in the domestic fowl, possibly unconscious or "natural" 
selection for this trait has occurred. This is of interest in connection 
with studies by Lerner (1951) and Lerner and Gunns (1952), who showed 
that the egg size for optimum hatchability is usually below the mean of 
a population previously selected for large egg size. This is interpreted 
as genetic homeostasis resulting from artificial selection for egg size 
being opposed by natural selection. Possibly the opposing natural se­
lection is for hatching time. 
That hatching time has a heritable basis and, therefore, subject 
to either artificial or natural selection, is suggested by Smyth and 
Howes (1949). After two lines were selected four generations, the time 
required for hatching showed distinct line differences. Strain differ­
ences in hatching time have been observed by Byerly (1933) and Henderson 
(1950). 
F. Differences in Embryonic Growth Rate 
Factors influencing rate of embryonic development have been studied 
by several investigators. Byerly (1930) found slight and inconsistent 
breed differences in the growth of embryos from 4 to 20 days of incubation. 
However, the number of observations were small enough to explain these 
apparently negative results. His studies were based on wet and dry 
weights of the embryos and their nitrogen content. 
The number of cells and mitotic figures were used by Blunn and 
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Gregory (1935) as criteria in distinguishing embryos from White Leghorns 
and Rhode Island Reds. Studies were made on embryos at 72 hours, 14 
days and 19 days. The Rhode Island Red embryos were not significantly 
heavier, but their cell number and mitotic figures were significantly 
greater. Byarly, Helsel and Quinn (1938) found no significant genetic 
differences in embryo weights of eggs of the same size between the 12th 
and 16th day of incubation in Silkie, Rhode Island Red and their recip­
rocal crosses. 
Further data concerning the effect of egg weight on embryo size at 
14 and 19 days was obtained by Wiley (1950) using two strains of Barred 
Plymouth Rocks previously selected for large and small egg size. He did 
not find consistently significant differences between weight of embryos 
from these two lines. However, he failed to show whether embryos from 
larger eggs were heavier at 19 days. He pointed out the rather obvious 
deduction that chick weight at hatching is limited by the space in the 
egg shell during the last two or three days of incubation. 
More recently, McNary, Bell and Moore (1960) compared the growth of 
inbred and hybrid embryos. - Egg size accounted for only 0.06 percent of 
the variation in one-week old embryos and 3 percent in two-week old em­
bryos. They measured embryos at three ages, and counted the number of 
somites at 38 hours. Genetic differences in embryonic growth were ob­
served at all three stages. Embryos from heavy lines were consistently 
larger than those from Leghorn lines although genetic differences were 
most easily detected at two weeks. 
Bray and Iton (1962), studying embryonic and early chick growth rela­
tive to egg weight in five strains of domestic fowl, reported that egg 
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weight could be regarded as a temporary environmental influence on the 
differences among strains for embryo or chick weights when calculated 
as a percentage of egg wei'ght. At hatching time, chick weight was re­
ported to be approximately 71 percent of the unincubated egg weight for 
all strains. 
Coleman et al. (1964) found larger embryonic weights in White 
Plymouth Rock lines, selected for high 8 weeks body weight compared to 
a line selected for low eight week weight. Tolman et al_. (1962) found 
dam differences accounted for much of the variation in embryonic weight 
of two and three-way crossbred embryos at 6, 10 and 15 days. 
Zervas and Collins (1965) reported statistically significant line 
and size differences in embryo weights. Heritability estimates of 14-
day embryo weight from the sire component of an hierarchical analysis of 
variance ranged from 0.02 to 0.31. 
IV. EXPERIMENTAL POPULATIONS AND 
METHODS 
The data were obtained from five Leghorn lines selected for single 
traits over nine years. Line A was selected for high rate of egg produc­
tion, lines B and C for high and low body weight, respectively, and 
lines D and E for high and low egg weight, respectively. In addition, 
data were obtained on crosses from reciprocal matings of both B % C 
and D X E. 
Selection in the body weight lines B and C was based on the in­
dividual phenotype of the pullets and cockerels. In the egg weight 
lines, D and E, selection of female breeders was based on individual pul­
lets records and male breeders on the mean of their full sisters record 
(sib test). In practice, cockerels were chosen from those families having 
the greatest number of selected full sisters. 
To minimize inbreeding, sires were chosen from at least six of the 
eight single male breeding pens used in lines B, C, D, and E. The breed­
ing pens each contained S - 10 females. In the A line 16 single-male 
pens with 10 - 14 females were used. 
The line designations together with the selection criterion and the 
average number of selected breeders for each line are presented in Table 1. 
The origin of the Leghorn and Fayoumi lines is discussed by 
Festing (1964). 
The A line was selected on a production index with optimum weight­
ing placed on records of the individual, full and half-sib family averages 
(Osborne, 1957). Males were selected from those families producing the 
most female breeders (sib test). 
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Table 1, Line designation with number (N) of selected breeders 
Selected breeders Females/Male 
Breed Males Leghorn Fayoumi 
Leghorn Fayoumi Selection criterion N N N 
A J High egg production 16 10-14 7-10 
B K High body weight 8 8-10 7-10 
C - Low body weight 8 8-10 - -
D L High egg weight 8 8-10 7-10 
E - Low egg weight 8 8-10 
One year's data on hatchability was available on three Fayounii 
I 
lines, also selected on single traits over nine generations and on certain 
crosses between the Fayoumi and Leghorn lines in the 9th generation. 
Three hatches of two week intervals were set for the Leghorn lines 
and their crosses. Eggs were candled both at 7 and 18 days of incubation 
after which dead germs and infertile were removed. Fertile eggs were 
transferred to the hatcher on the 18th day of incubation. Fertility was 
calculated as the fraction of fertile eggs to all eggs set. Hatchability 
was calculated as the fraction of fertile eggs transferred which hatched 
on or before 22 days. Some delay in hatchability was observed in the 
high egg and the high body weight lines. 
The percentage of hatchability of each line and cross was trans­
formed to the arc-sin scale (Snedecor, 1956) before statistical analysis 
using a factorial analysis of hatchability. Orthogonal comparisons 
between the lines and between years were made (Steel and Torrie, 1960). 
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A. Stress Factors Influencing Hatchability and Hatching Time 
Three experiments were performed. Experiment 1, performed in 1965, 
was concerned with hatching time and buffering capacity of lines and 
crosses. Studies were based on hatching eggs from the 8th generation 
of the single-trait selection lines. Experiments 2 and 3 were performed 
in 1966 on hatching eggs from the 9th generation of the single-trait 
selection lines. Hatching eggs, collected over two week periods, were 
stored at 55°F for one or two weeks. "Time of pre-incubation storage" 
and "extreme egg size" were considered as minor stress treatments while 
"no turning of the eggs the first 10 days" was considered a major stress 
treatment. Typically, with modern artificial incubators, hatching eggs 
would be automatically turned 6-8 times per day. 
Eggs of each line or cross were divided into two groups: control 
(normal turning) and treated (no turning of the eggs the first 10 days 
of incubation). The time of setting eggs in the incubator was recorded 
for each line or cross. On the 18th day of incubation, the transferred 
eggs were grouped into three weight classes: large, medium, and small, 
relative to the average egg weight of female parent line. Each weight 
group contained approximately equal number of eggs. The percent of 
hatchability of each line and cross was recorded at certain irregular in­
tervals: i.e. 20 days plus 8 hours, 21 days, 21 days plus 6 hours, 21 
days plus 12 hours, a"nd 22 days of incubation. Table 2 shows the source 
of hatching eggs and the number of eggs set per mating in each experiment 
for this part of the study. 
32 
Table 2. Source and number of hatching eggs for hatching time and 
buffering capacity study 
Experiment 




CxB DxE ExD 
1 1965 611 527 469 607 599 437 409 633 604 
2 1966 452 47 6 455 457 539 606 630 260 260 
3 1966 360 414 481 410 476 510 639 274 273 
Total number 
eggs set 1423 1417 1405 1474 1614 1553 1678 1167 1137 
The results from the three experiments were statistically analyzed 
by an analysis of variance on the arc-sin transformation of the percentage 
values (Snedecor, 1956). The model chosen for the factorial analysis was, 
^ijkmn = u + Ri + Lj + + LEj^ + + LSj^ + + Tn 
+ LTjn + ETjj-j^ + ST^n ^ijkmn 
where = the observation of the n treatment of the m storage period 
of the k size of the j line in the i'^^ replicate 
u = general mean 
= replicate effect i = 1 3 
Lj = line effect j = 1 9 
RL^j = interaction effect between reps and line 
% = 6gg size effect k = 1 3 
LEj^ = interaction effect between lines and egg size 
33 
= storage period effect m = 1,2 
LS. = interaction between lines and storage jm 
= interaction effect between egg size and storage 
Tn, = treatment effect n = 1,2 
LT. = interaction effect between lines and treatment jn 
ETjjjn = interaction effect between egg size and treatment 
= interaction effect between storage and treatment • 
Eijkmn - random error effect E^j^mn ' ^  
The model in terms of expected mean squares presented in Table 3 
shows that replicate and line are random while the other factors are fixed. 
To test whether the no turning treatment of the eggs significantly 
reduced hatchability within weight classes and storage period, Chi-square 
values with one degree of freedom were computed. To test the effect of 
egg weight on hatchability, Chi-square values with two degrees of freedom 
were computed on the three different weight classes within each subgroup 
using the following formula: 
k _ k 
S a^Pi-P 2 
xf = i (Ostle, 1963) 
k-1 
where 
k = number of groups 
a^ = number of hatched chicks in group 
P^ = proportion of hatch of fertile eggs in group 
p = overall proportion of hatch of fertile eggs of all groups 
considered. 
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Table 3. Analysis in terms of expected mean squares 
Source of variation d.f. Expected mean square 
Replicate (R) 2 4 + + lOSa^j^ 
Lines (L) 8 36a\ 
R X L 16 i + 
Egg size (E) 2 IZo^LE + 108cr g 
L X E 16 
Storage (S) 1 + 
e 
ISc^LS + 1620^2 
CO X 8 + 
e 
E X S 3 a~ + 
e ES 
Treatment (T) 1 + 
e 
+ 162a2^ 
L X T 8 + 
e 
E X T 2 a2 + 
e 
S^'G^ET 





B. Embryonic Growth Rates of Different Lines and Crosses 
The variation in embryo weights of lines and crosses, were studied 
on the 1965 and 1966 data with one replicate each year. Eight stages of 
incubation were selected, i.e., 4, 6, 8, 10, 12, 14, 16 and 18 days of 
incubation. In 1966, the chick weights at hatching time were also re­
corded. The eggs were placed in an egg room for one week kept at 55°F' 
and relative humidity about 65 percent. 
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Eggs were weighed individually to the nearest gram which was re­
corded on the large end of the egg and incubated in a Jamesway, Model 
252 incubator. Five eggs, chosen at random from each line and cross, 
were removed from the incubator after completing a designated incubation 
period and held in a refrigerator until the embryos were weighed. 
To obtain embryo weights the embryo was removed from the incubated 
egg after cutting the proximal end of the yolk stalk. Embryos were placed 
in a Petri dish washed in saline twice, and then rolled on absorbent . 
paper to remove excess moisture. Each embryo was then weighed to the 
nearest 0.01 gram. 
An analysis of variance adjusted for covariance in egg weight was 
used to estimate line effects and embryo growth according to the model, 
^ijk — u + P, + Lj + PL,j + B(X,jk-X...) + 
= the k^^ embryo of the line in the iïh year 
u = the overall population mean of the Y's 
Pi = the year effect i = 1,2 
= line or cross effect j = 1,2 9 
PL,. = interaction effect between year and line or cross 
Xijk = is a covariate (egg weight) k = 1 5 
B = regression coefficient of Y. ., on X.. .. 
X... = the overall sample mean of X,j^ 
%ijk = random error peculiar to the k^^ embryo of the line 
on the i^^ year. 
The expected mean squares in Table 4 show that year and line are 
random. 
36 
Table 4. Model of analysis in terras of expected mean square 
Source of variation d.f. Expected mean square 
Years CY) 1 e + 
^ 2 
SC'YL + 45 
2 
ay 
Lines and crosses (L) ' 8 2 0" 
e 
+ 10 4 
Y X L 8 < 
Error 71 
The standard error of the difference between any two adjusted treat­
ment means is given by Finney (1946). 
= /zs^y.xri^ Txx 
Sg ' r (t-l)Exx 
where S = the standard error of the difference between any two 
d 
adjusted treatment means 
2 S y.x = variance aboùt regression 
r = number of replicates 
Txx = sum of products of the treatment of the eggs weight 
Exx = sum of products of error of the eggs weight. 
C. Estimation of the Genetic Load Disclosed by Inbreeding 
In spite of the efforts made to minimize inbreeding, some would 




where dp is the rate of inbreeding per generation and Ne is the estimated 
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effective population number, i.e., 
4N Nf 
(Wrisht, 1940) 
Here and Nf are the number of male and female breeders producing 
progeny which enter the breeding population the following generation. 
The cumulative inbreeding in the Leghorn line A was estimated to 
be about 13 percent in the 9th generation and about 20 percent in the 
Leghorn lines B, C, D and E. 
The formula to estimate the genetic load in terms of "lethal 
equivalents" from inbreeding together with its variance, given by Newton 
Fraire-Maia and Admer Freire-Maia (1964), was used: 
B = Log (Sj/Sr) 
-0.4343 Fi 
where B is the mean number of deleterious mutations per gamete (i.e. 
lethal equivalents), Sc and Si are the frequencies of survivors or normal 
s of the control and inbred samples, respectively. F^ is the coefficient 
of inbreeding of the population on line. 
The variance of B,(S^B) was estimated from the following formula, 
S^B = BZfMjSj + McSc)/(M._M_)2 
Hi Nc 
where and are the mortality rates found in the inbred and the con­
trol, respectively. and are the number of .fertile eggs in the in­
bred line and the control line, respectively. 
The above formula for lethal equivalents was applied to the five 
years of hatchability data available for this part of the study. 
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D. The Contribution of the Genetic Load and Maternal Effect 
in Reducing Hatchability as a Component of Fitness 
In order to estimate the genetic load and the maternal effect, the 
Leghorn lines selected for large egg size D and small egg sice E were ' 
reciprocally crossed each of the last five years. Likewise, the body 
weight lines, B (up) and C (down) were similarly crossed to study the 
correlated effects of egg size on hatchability decline. Crossing the up 
and down lines selected for the same trait should cancel out the genetic 
load from inbreeding but not the phenotypic deviation effect of egg size. 
The latter is regarded as a maternal effect (Nordskog, 1965). 
In particular, let E be a large egg line and e be a small egg 
line and the cross between them is e x E where the male line is the left 
member, e, and the female line the right, E. We let HE, He, H(exE) and 
H(Exe) represent the average hatchability of the respective pure lines 
and crosses. A control line, A, has average hatchability, HA. We assume 
the following model, 
îï. . = u + mj + g^. 
where H^^ = average hatchability of eggs of the 1ine#i or^j if i = j) 
u = hatchability constant (of the control line) 
mj = maternal effect of the line 
g^j = genetic load from directional selection in 'i or j which de­
presses hatchability 
For the control line we assume that, 
HA = u and m = g = 0 (1) 
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Furthermore, 
HE = u + mg + gg ( 2 )  
He = u + + 8e (3) 
HaxE = u + + GeE W 
HExe = u + *6 + SEe (5) 
Since the maternal effect is the same for (2) and (4) and like­
wise, for (3) and (5) we can estimate the g's. Thus, 
Now, since E is selected up and e down, it is not unreasonable to 
assume that = 0. That is to say, we assume that the genetic 
load in a cross of 2 lines selected in opposite directions should be ap-
origin. Accordingly, 
CD - (4) is an estimate of mg 
(1) - (5) is an estimate of 
(2) - (4) is an estimate of gg 
(3) - (5) is an estimate of 
These equations are estimates of the reduction in hatchability from 
the genetic load and from the egg size or maternal effect. 
Now, the lethal equivalents B for gamete (i.e. the mutational load 
caused by inbreeding) and the effective lethal equivalents effect of egg 
size, M, are estimated by the same formula of Morton, Crow and Muller 
(2) - (4) = ge - and 
(3) - (5) = g& - ggg 
proximately the same as that in an unselected control line of common 
(1946), 
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-Log^S = A + BF 
where S is the survival percentage, A is the expressed load in the random 
mating population, B is the increase in the load due to complete homo­
zygosity, and F is the coefficient of inbreeding of the line. However, 
to estimate the mutational and segregational loads requires some modifi­
cation, since, both are combined in the load estimates measured by 
Morton, Crow and Muller method (1956). 
We assume the following: 
Percent hatchability Transformation 
Line effect (as line B) Sg -Log^Sg = Lg 
Cross effect (as C x B) Sqb -LoggScB= 
Control (as line A) -Log^S^ = 
where S = the hatchability (survival) measured as a decimal fraction. 
Ljj genetic load in "random bred" or control population. It 
would contain some segregational and some mutational load. 
Leg contains the maternal egg size effect (or alternatively, the 
selection effect of egg size) plus some inbreeding effect equal to B'. 
If we assume B = B* then 
Lcb - measures the "egg size" effect. 
If the average egg weight of CB is Wgg and of the R control is then 
M = ^ = the detrimental effect of egg size per gram increase 
Wcb-WR 
Lze. 
Now, Lg - L^g is the mutational load effect due to inbreeding. If 
in say, line B we estimate the inbreeding F^ over the selection period, 
then is the estimate of the genetic load effect, B, of Morton, 
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Crow and Muller (1956). 
The B/A value of Morton, Crow and Muller (1956) should theoretically 
equal one, if the load is segregational. Thus, by comparing the loads 
under random mating and inbreeding, theoretically, the type of load can 
be determined. Unless the number of alleles at a locus is very large, 
it would be possible uo distinguish whether the mutational or segregation­
al load is most important. In general, Crow concluded that if fitness is 
greatly decreased by inbreeding it is to that extent largely attributable 
to mutation load rather than segregational load. 
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V. RESULTS 
A. Effect of Selection for Single Traits on Hatchability 
Angular transformations of all hatchability percentage values for 
the selected Leghorn lines and their crosses over 5 years are presented 
in Appendix Table 24. The non-transformed data of Table 5 are repre­
sented in Figure 1.. The results indicate that hatchability was depressed 
more by selecting for high body or egg weight than by selecting in the 
opposite direction. The mean hatchability of the crosses was better than 
the pure lines. In general, hatchability declined sharply at the 8th 
generation of selection for most lines and crosses. 




Selected for 5 - 6 
Generation 
7 8 9 Average 
A High egg produc­
tion 81.2 89.0 88.0 81.1 85.0 84.9 
B Body weight up 66.0 72.7 70.9 71.5 70.9 70.4 
C Body weight down 81.5 78.6 74.9 77.7 82.5 79.0 
D Egg weight up 63.6 70.0 60.7 73.5 82.9 70.1 
E Egg weight down 89.7 80.8 82.1 73.7 78.7 80.1 
B X C 85.0 86.7 90.4 87.3 88.7 86. 6 
C X B 82.1 80.1 86.5 58.8 78.0 77.1 
D X E 76.5 86.3 85.6 77.5 81.7 80.2 
E X D 77.0 75.1 69.5 70.3 83.7 75.1 
Average 78.1 79.9 78.7 74.0 81.3 78.4 
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From the factorial analysis of percent hatchability in Table 6, 
the difference in hatchability between the high and low Leghorn lines 
proved to be highly significant. The difference in hatchability between 
the B line and C X B cross was significant at P< .05 while the differ­
ence between C line and B X C cross was significant at P< .01. No dif­
ference between the egg weight lines and their crosses were significant. 
Neither the linear nor the quadratic effect were significant while 
the cubic effect was. This may yet be sampling error. In general, 
hatchability fluctuated considerably from the fifth to the ninth genera­
tion of selection with inconsistent response for most lines and crosses. 
In summary, upward selection for either egg weight or body weight 
decreased hatchability significantly but not downward selection. The 
crosses hatched better than the selected lines. The differences between 
reciprocal crosses would be attributed to maternal effect or to sex 
linkage. Selection for increased egg production was accompanied by higher 
hatchability which could be explained in terms of linkage or pleiotropy. 
Perhaps the egg weight of the Leghorn control A line might be near the 
optimum so that further selection either upward or downward would move 
hatchability away from the optimum. 
B. Genotypic Differences in the Buffering Capacity 
of Embryonic Development Against Stress Treatments 
Prolonged pre-incubation storage and extreme egg weights were re­
garded as minor stress treatments for developing embryos while the no 
turning of the incubated eggs for the first 10 days of incubation was 
considered a major stress treatment. The response to stress treatment of 
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Table 6. Factorial analysis of percent hatchability 
Sources of variation d.f. Mean square 
Lines and crosses 
Avs. (B+C+D+E+CB+BC+DE+ED) 
B vs CB 
D vs ED 
C vs BC 
E vs DE 
B vs D 
C vs E 

























^^Significant at the 1% level. 
*Significant at the 5% level. 
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the pure line and cross line embryos will be presented first. The buffer­
ing capacity of the pure lines embryos will then be compared with the 
cross lines and the reciprocal crosses will be compared. Lastly, the 
effects of no turning of hatching eggs, storage time of hatching eggs 
and egg size on hatchability will be presented. 
The following symbolism will be used in the description of these 
experiments: A, B, C, D and E represent embryos from the pure line matings 
and BxC, CxB, DxE and E x D represent embryos of cross lines. The 
first letter represents the male line parent and the second the female 
line parent. 
1. Buffering capacity of pure line and cross line embryos 
Appendix Tables 25 through 33 contain the percentage hatchabilities 
of the individual lines and crosses for the various treatments. Within 
lines Aj E, crosses, BxC and DxE, differences in egg size were not 
important, while for lines B, D, and crosses CxB, E x D the medium and ' 
small eggs hatched significantly better than large eggs. Eggs stored for 
2 weeks hatched more poorly than eggs stored one week. However, the ef­
fect of storage period was more pronounced in the upward selection lines 
than the downward selection lines. Also the pure lines were more sensi­
tive to storage than the cross lines. No turning of the eggs the first 
10 days of incubation decreased hatchability significantly for all the 
lines and crosses. However, eggs stored for two weeks were more sensitive 
to no turning as shown by its t2/t^ ratio. This ratio is the hatcha­
bility of eggs not turned the first 10 days of incubation relative to 
control eggs under normal turning and, therefore, is a measure of the 
buffering capacity of embryos against the stress of no turning. The 
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buffering capacity was highest for the control line A. The downward 
selection lines and the crosses using the small lines as female parents 
were better buffered than the upward selection lines and crosses using 
the large lines as the female parent." 
2. Buffering capacity of control line, crosses and selected lines 
against storage time and no turning treatment 
Table 7 contains the percentage hatchability of the A line, crosses 
and selected lines for the two storage periods and for both normal turn­
ing and no turning treatment. To study the general effect of length of 
storage period and no turning of hatching eggs on genetic group differ­
ences, the egg size groups were combined. Although the chi-square for 
the comparison of one week storage versus two week storage was not sig­
nificant for the control line A, the eggs stored for one week only 
hatched better than those stored two weeks (P <.01) for both the 
crosses and the selected lines. Differences between genetic groups were 
highly significant. The controls had the highest hatchability and the 
selected lines the.lowest• 
Eggs stored for two weeks, however, were more sensitive to the no 
turning treatment as shown by smaller t2/t]_ ratio. The selected lines 
had the lowest ratio. 
The no turning treatment severely depressed hatchability for all 
lines, crosses and groups. However, the crosses were the least sensitive 
to the no turning treatment. The buffering capacity of the crosses was 
similar to the control line A while the selected lines were the lowest. 
In general, eggs stored for one week hatched better than eggs stored 
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Table 7. Estimation of buffering capacity (t2/tj_) against storage time, 
and no turning treatment on hatchability of control line A, 
crosses and selected lines 
Storage Lines 
period or Treatment 
(weeks) crosses tl t2 t . t2/tl 
1 Control A 94.00 50.1 72.1 53.3**^ 
Crosses 88.3 48.8 68.8 55.2** 
Selected lines 84.6 39.7 62.6 46.9** 
All 87.3 44.6 66.2 51.1** 
Chi-square^ •k-k -k-k •k-k 
--
2 Control A 92.4 44.7 70.0 48.4** 
Crosses 86.9 41.6 67.2 47.8** 
Selected lines 77.7 31.5 58.2 40.5** 
All 83.2 37.4 63.3 45.0** 
Chi-•square'^ •k-k ** -k-k 
--
Combined storage periods 
Control A 93.2 47.6 71.1 51.1** 
Crosses 87.5**c 45.5**c 68.0**c 52.0** 
Selected lines 81.1**c 36.1**c 60.5**c 44.5** 
All 85.2 41.4 64.8 48.6** 
Chi-square^ •k-k -k-k -k-k 
--
**Significant at the 1% level. 
^Chi-square test that t2/ti / 100 percent. 
^Chi-square test on differences between control, crosses and selected 
lines. 
. ^Chi-square test on differences between storage time effect of cor­
responding classes. 
for 2 weeks and the crosses were less sensitive to time of storage 
than the selected lines. The no turning treatment depressed hatcha-
bility of the selected lines considerably more than of the crosses or 
the control line. 
3. Buffering capacity for the control, crosses and selected lines 
against extreme egg weights 
Table S shows the percent hatchability of the crosses and selected 
lines plus the A line control according to egg size over combined 
storage periods. Under both normal turning and no turning, egg size dif­
ferences in the controls seemed not to influence hatchability. However, 
when the normal and no turning groups are combined, the medium and small 
egg groups hatched better and had higher buffering capacity than large 
eggs of the control. The medium egg size class of the crosses and the 
pure lines hatched the best under normal turning and the same was true 
when effect of no turning was combined. However, the extreme egg weight 
classes of the crosses hatched better than those of the pure lines and 
showed better buffering capacity. In general, the intermediate egg size 
class hatched best and the large egg class hatched poorest. The medium 
and small eggs were buffered better than the large eggs. 
4. Buffering capacity of pure lines and crosses having a common 
female parent line 
Table 9 shows the percent hatchability by lines and crosses. The 
object is to compare each selected line with the particular cross having 
the same line as a female parent. In this way the maternal effect of 
egg size is eliminated. Data were combined over egg size groups and 
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Table 8. Buffering capacity and stress: extreme egg weights, for the 













































































8 2 . 2  36.5 61.3 44.5 
Significant at 5% level. 
**Significant at 1% level. 
^Chi-square test on differences between the three egg weight classes 
within the control, crosses and selected lines. 
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Table 9. Buffering capacity (t2/t]^) of pure 
common female parent line against 










ti t2 ? t2/ti 
B 69,4 26.1 49.9 37.6 
C X B 80.1 41.3 62.2 51.6 
All 74.3 33.3 55.7 44.8 
Chi-square^ :V?!r ** ** — — 
D 79.0 32.8 58.9 41.5 
E X D 86.3 36.1 63.6 41.8 
All 81.9 34.1 60.7 41.6 
Chi-square^ ** n.s. ** 
C 86.3 45.7 67.3 52.9 
B X C 92.5 61.8 78.1 66.8 
All 89.4 53.7 72.7 60.0 
Chi-square^ ** ** •k-k 
E 87.9 37.7 64.0 42.9 
D X E 89.2 36.9 64.4 41.4 
All 88.4 37.4 64.1 42.3 
Chi-square^ n. s. n.s. n.s. - — 




Crosses 87.5 45.5 52.0 
All 84.0 40.3 63.9 48.0 
Chi-square^ •k-k •k-k ** 
**Significant at 1% level, 
a. Chi-square test on differences between pure line and cross having 
common female parent. 
^Chi-square test on differences between all pure lines and crosses. 
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storage periods. The difference in hatchability of line B versus C x B 
was significant (P < .01) with the cross showing the highest hatchability 
under both normal and no turning. The no turning treatment depressed 
hatchability in line B more than in the C x B cross as indicated by the 
t2/ti ratio. 
The difference in hatchability of line D versus E x D was signifi­
cant (P < .01) for the normal turning eggs although differences in buf­
fering capacity were not significant. 
The difference in hatchability of line C versus B x C was significant 
(P < .01) under both normal- and no turning treatment with B x C having 
the higher hatchability and buffering capacity. 
Line E was not significantly different from D x E in hatchability 
under either the no turning treatment or normal turning. The buffering 
capacity of E and D x E was about the same. 
The difference between the mean of the selected lines and the 
crosses was significant (P < .01) under both normal and no turning treat­
ments. However, the crosses were less sensitive to no turning and hence 
better buffered than the pure lines. 
\ 
5. Buffering capacity against stress for different genotypes 
Table 10 shows the hatchability of the pure lines, B, C, D, E, the 
average for the large egg lines (B + D) combined, and the small egg lines 
(C + E) combined. A comparison of the combined values bears on the rela­
tive influence of upward versus downward selection on hatchability. 
The difference in hatchability between the high body weight line B 
and small body weight line C was highly significant for both the normal 
Table 10. Estimation of buffering capacity against stress (no 
turning for the eggs the first 10 days of incubation) of 
hatchability for B vs C, B vs D, D vs E, E vs C and B+D vs C+E 
Treatment _ 
Line t^ t2 t 
control no 'turning 
B 69.4 26.1 49.9 37.6 
C 86.3 45.7 67.3 52.9 
All 78.5 36.9 59.5 47.0 
Chi -square^ ** ** ** 
— 
B 69.4 26.1 49.9 37.6 
D 79.0 32.8 58.9 41.5 
All 74.8 29.8 55.8 39.8 
Chi -square^ ** ** ** - -
D 79.0 32.8 58.9 41.5 
E . 87.9 37.7 64.0 42.9 
All 83.4 35.4 61.4 42.4 
Chi' -square^ ** n.s. ** 
- -
E 87.9 37.7 64.0 42.9 
C 86.3 45.7 67.3 52.9 
All 87.2 41.4 65.5 47.4 
Chi--square^ n.s. ** ** 
- -
B+D 74.8 29.8 55.8 39.8 
C+E 87.2 41.4 65.5 47.4 
All 80.8 36.1 60.3 44.7 
Chi--square^ ** ** •k-k 
— -
^^Significant at 1% level. 
^Chi-square test on differences between genotypes. 
, ^Chi-square test on differences between upward selection and downward 
selection. 
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and no turning treatments. The buffering capacity was higher in line C 
than in line B. The overall reduction in hatchability was more in line B 
than for line C. 
Hatchability of the high body weight line B was significantly less 
than the high egg weight line D (P < .01) for both normal and no turning. 
Line D was less sensitive to no turning. 
The difference in hatchability between the high egg weight line D 
and the low egg weight line E was significant for normal turning but not 
for the no turning treatment. On the combined data, D-E was significant 
(P < .01) with the down selection line E having better hatchability and 
being less sensitive to no turning than the up selection line D. How­
ever the buffering capacity was the same for both lines E and D. 
The hatchability for E-C was not significant under normal turning, 
but significant (P < .01) under the no turning treatment. Line C was 
less sensitive to no turning than line E. The difference between the 
mean of the body weight lines and the egg weight lines were not signifi­
cant, while line D hatched better and was less sensitive to no turning 
than line B. Line C was better buffered than E and D better than B. 
6. Buffering capacity of reciprocal crosses against no turning 
A comparison of the reciprocal crosses of B x C and D x E is pre­
sented in Table 11. Ignoring sex linkage, the B x C and C x B embryos 
should be the same genotypically; likewise, D x E and E x D should be the 
same. Thus, the effect of egg size on resistance to no turning can be 
evaluated by comparing the t^/t^ ratio between reciprocal crosses. In 
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control no turning 
t t2/ti 
C X B 80.1 41.3 62.2 51.6 
B X C 92.5 61.8 78.1 66.8 
All 87.2 53.1 71.3 60.9 
Chi-square^ •k* ** ** — 
E X D 86.3 36.1 63.6 41.8 
D X E 89.2 36.9 64.4 41.4 
All 87.6 36.5 64.0 41.7 
Chi-square^ n. s. n. s. n.s. 
--
**Significant at 1% level. 
^Chi-square test on differences between the genotypes of reciprocal 
crosses. 
the body weight line crosses, embryos with the small female parent C re­
sisted no turning,better than those with the large female parent B. The 
difference between body weight crosses was statistically significant 
(P < .01). The buffering capacity of B x C was higher than G x B. 
The buffering capacities of the reciprocal crosses of the egg weight 
lines were much the same, although eggs of the small egg female parent 
tended to hatch better than those of the large egg parent. The t2/ti 
ratio shows that the body weight crosses were better buffered than the 
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egg weight crosses. 
7. Analysis of variance of hatchability under stress treatment 
An analysis of variance of the results is presented in Table 12. 
As already pointed out in the Methods section, the data were analyzed 
factorially. The main effects of years, lines, storage period and no 
turning treatment were highly significant statistically (P < .01), while 
egg size was significant at P < .05. 
Table 12. Analysis of variance of hatchability under stress treatment-
of no turning 
Source of variation d.f. Mean square 
Reps and years (R) 2 1336.04** 
Lines (L) 8 1271.44** 
R X L 16 119.99** 
Egg size (S) 2 893.30* 
L X S 16 222.76** 
Storage (St) 1 1834.50** 
L X St 8 93.83 
S X St 2 58.73 
Treatment (stress) (T) 1 72932.70** 
L X T 8 219.29** 
S X T 2 109.20 
St X T 1 167.93 
Error 256 25.66 
Total 323 
^*Significant at the 1% level. 
^Significant at the 5% level. 
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In summary, these results show that resistance to the no turning 
treatment was approximately the same for the crosses as for the control 
line and lowest for the selected pure lines. The range of buffering 
capacity varied greatly: from 37.6 percent for line B to 66.8 percent 
for B X C cross. The upward selection lines were more poorly buffered 
than the downward selection lines. The body weight lines were better 
buffered than egg weight lines. The buffering capacity of embryos from 
reciprocal crosses between the body weight lines was not consistent. 
Embryos of the large B eggs were more sensitive than those of the small 
C eggs. The buffering capacity of the reciprocal crosses of the egg 
weight lines were similar. A significant egg weight effect was detected 
only in the up selection lines: the large eggs hatched significantly 
poorer than the medium or the small eggs. Storage of eggs for a 2-week 
period significantly decreased hatchability in all lines and crosses 
except the control. The reduction was greatest in the selected pure 
lines. In general, the eggs of the extreme weight classes were most 
sensitive to prolonged storage. 
C. Estimation of Genetic Load and Selection 
Load (Maternal) Effect 
The rates of inbreeding per generation of each line computed from 
the formula, dp = (Wright, 1931), are given in Table 13 to­
gether with the expected accumulated inbreeding to the last generation. 
The effective number of sires and dams is given in Appendix Table 34. 
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Table 13. Percent inbreeding estimated from effective number of sires 
and dams 
Generation Cumulative 
Line 0 1 2 3 4 5 6 7 8 9 inbreeding 
B 2.06 1.98 1.98 1.99 1.86 1.89 1.83 2.04 2.07 2.21 19.79 
C 1.98 1.98 1.92 1.89 2.16 1.88 1.97 1.71 2.46 2.82 20.62 
D 1.97 1.99 1.94 1.93 1.88 1.88 1.89 2.11 2.38 2.43 20.24 
E 2.03 2.03 1.81 1.93 1.88 1.88 2.12 2.41 2.12 2.18 20.25 
The rate of inbreeding was small in all lines, amounting to ap­
proximately two percent per generation. The formula of Freire-Maia and 
Freire-Maia (1964) was applied to the 5 year hatchability data to esti­
mate the genetic load (B) disclosed by inbreeding. The estimates and 
variance of estimates are presented in Table 14. 
Table 14. Estimation of genetic load influencing hatchability 
disclosed by inbreeding 
Genetic load Segregational B/A 
Line (B) load (A) 
B Body weight up 0.42 * .035 0.162 2.60 
C Body weight down 0.44 2 .07 0.162 2.72 
D Egg weight up 0.34 ! .104 0.162 2.1 
E Egg weight down 0.007 1 .165 0.162 0.04 
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From estimations of B, A and B/A, it is revealed that the high and 
low body weight lines B and C had the highest genetic loads, while al­
most no genetic load could be detected in the small egg weight line E. 
However, the embryonic lethal equivalents estimated per gamete were 0.84, 
0.88, 0.68, 0.014 for lines B, C, D and E, respectively. 
According to Crow's (1958) model when the B/A ratio is high and in 
the absence of multiple allelism the genetic load is largely mutational. 
When B/A is low the genetic load is due to heterotic genes (overdominance). 
Since the values B/A found in this study were very low overdominance for 
hatchability is indicated. If multiple alleles is the rule at each locus 
then the conclusion of overdominance is strengthened. 
Table 15 shows the estimations of the mutational load (B), the 
segregational load (A) and the detrimental effect of egg size per gram 
/ 
increase in egg size M from selection (i.e. the selection load effect). 
The lethal equivalents per gamete (i.e. the mutational load caused by in­
breeding) estimated from Morton, Crow and Muller formula ranged from 0.46 
for line B to 0.005 for line E. The selection load or egg size effect 
was high for line D selected for large egg size and negative with line E 
selected for small egg weight. However, the detrimental effect of egg 
size per gram increase in egg size M was highly positive for line D but 
negative for line E. 
The B/A ratio was high for line B and very low for line E, the nega­
tive estimate of the selection load is assumed to be due to sampling error. 
Because of the questionable validity of the classic genetic load ap­
proach of Morton, Crow and Muller to a selected population, an analysis 
wàs made of the hatchability. The results are given in Table 16. Here 
m and g correspond to the maternal egg size effect and inbreeding effect, 
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Table 15. Estimation of mutational load, segregational load and 
selection load on hatchability 
Mutational Segregational Selection load 
Line load (B) load (A) effect B/A 
3 B.W. up 0.46 ± .035 0.162 0.008 2.84 
C B.W. down 0.44 1 .070 0.162 0.003 2.72 
D E.W. up 0.33 1 .104 0.162 O.OlO 2.04 
E E.W. down 0.005+ .165 0.162 -0.006 0.03 
Table 16 Comparison of inbreeding effect 
on hatchability from directional 
(average of 5 years data) 
and maternal egg size effect 
selection for egg size 
Directional selection 
Lines up down 
D and E m maternal effect -9.7% -4.6% 
g inbreeding effect -14.8% -4.8% 
m + g Total effect^ -24.5% -9.4% 
B and C m -7.7% 1.8% 
g -14.5% -5.9% 
m + g Total effect -22.2% -4.1% 
Average m -8.7% -1.4% 
g -14.7% -5.4% 
m- + g Total effect -23.4% — 6.8% 
^This represents the average loss in hatchability in the selected 
line corrected for the A line control. 
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respectively. It is to be noted that in g would correspond to the 
genetic load quantity B + A. These results were calculated from Appendix 
Table 35. The average of 5 years indicates the decline in hatchability of 
lines selected for large egg size was 23.4. About 3/8 of this was asso­
ciated with the increase in eggs size or maternal effect and 5/8 with the 
inbreeding. Hatchability was much less depressed in the down selection 
lines E and C and averaged only about 7 percent less than the control. 
About 4/5 of this was associated with the increased inbreeding and 1/5 
with the maternal effect. Thus, loss in hatchability from maternal effect 
of egg size may be thought of as being uni-directional while that from the 
increase in inbreeding due to selection for egg size would be bi-directional. 
Estimates of the inbreeding and maternal egg size selection effects 
contribution to loss in hatchability for the different lines selected up­
wards but of different breeds are shown in Table 17. The calculations are 
based on the average of 2 replications in 1966 as shown in Appendix Table 
36. In brief, the average decline in hatchability of the Leghorn lines 
selected for large egg size was about 20 percent. About 55 percent of this 
was associated with the increase in inbreeding and 45 percent with the 
selection effect for egg size. Hatchability was less depressed in the 
Fayoumi line K selected for high body weight than in Fayoumi L selected 
for high egg weight; on the other hand it was less depressed in Leghorn 
line D than in Leghorn line B. However, the decline in hatchability for 
the Fayoumi lines averaged about 12 percent less than the control. About 
7/8 of this was associated with the increase in inbreeding and 1/8 with 
the selection load (maternal) effect. 
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Table 17. Comparison of the inbreeding effect and maternal egg size ef­
fect on hatchability from up selection for egg size 
Line Leghorn lines Fayoumi lines 




g inbreeding effect -12.0 -1.3 
m + g Total effect^ -28.3 -7.9 




g -9.6 -19.6 







m + g -19.9 -12.1 
^This is average loss in hatchability of the selected line corrected 
for the Leghorn A line control or the Fayoumi J line control. 
D. Differences in Embryonic Growth Rate 
Table 18 shows the average weight of embryos for different periods 
of incubation of the selected lines, the control, and crosses to the 
nearest 0.01 gram. These are not adjusted for covariance in initial egg 
weight. The adjusted data are given in Appendix Table 37. An analysis 
of covariance and the correlation between embryonic weights and egg 
weights were calculated for each incubation period. 
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4 6 8 10 12 14 16 18 
at 
hatch 
A control 0,143- 0.60 1 .42 3.02 5.40 9.88 12.62 22.31 34.50 
B B.W. up 0.08 0.47 1 .46 3.22 5.50 8.89 11.11 22.78 41.36 
C B.W. down 0.11 0.53 1 .28 2.70 5.02 9.80 11.04 20.44 27.80 
D E.W. up 0.08 0.48 1 .38 3.00 5.64 10.42 12.81 23.29 43.14 
E E.W. down 0.10 0.47 1 .18 2.68 5.65 9.63 10.32 18.21 26.84 
CxB 0.09 0.52 1 .39 3.03 5.29 8.88 10.75 22.48 40,04 
BxC 0.12 0.54 1 .44 3.17 5.69 10.35 11.98 22.32 29.94 
DxE 0.09 0.53 1 .40 3.01 5.87 9.83 10.76 19.56 26.34 
ExD 0.10 0.51 1 .49 3.18 5.55 10.33 12.11 22.30 42.53 
^Weight in grams. 
The analysis of covariance for the 4, 6, 8 and 10 days of incubation 
are presented in Table 19. No significant difference was observed at 4 
days of incubation. However, line A with intermediate egg size had the 
highest rate of embryonic development at 4 days followed by the small 
lines and their crosses. The large lines and their crosses had the lowest 
rate of development at 4 days. 
Differences in the rate of embryonic development between lines were 
significant at ô days of incubation. 
At eight days of incubation no significant differences were found, 
although E X D had the highest and the E embryo the lowest weight. 
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Table 19. Analysis of variance of embryonic weight adjusted for co-
variance in initial egg weight 
Source of 
variation 
d.f. Age of embryos (days) 
4 Ô 8 10 
M.S. M.S. M.S. M.S. 
Years (Y) 1 0.004 0.005 0.091 0.428* 
Lines (L) . 8 0.006 0.017* 0.066 0.289* 
L X Y 8 0.005 0.004 0.061 0.080 
Error 71 0.003 0.004 0.052 0.088 
*P< .05: 
At 1.0 days of incubation line differences in rate of embryonic de­
velopment were statistically significant and the difference between years 
of selection was also significant. 
Analysis of covariance for the difference between the lines, crosses 
and the control in rate of embryonic development at 12, 14, 16 and 18 
da7s of incubation are presented in Table 20. 
Differences between years were significant at 12 days of incubation, 
while line and cross differences were statistically significant in each 
of the incubation periods. 
At hatching time differences between lines, crosses and the control 
were significant as shown in Table 21. The multiple range test presented 
in Table 22 shows which adjusted means were significantly different from 
the others for each period of incubation. For example, From Table 22 
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Table 20. Analysis of variance for embryonic weight adjusted for co-
variance in initial egg weight 
Age of embryos (days) 
Source of variation d.f. 12 14 16 18 
M.S. M.S. M.S. M.S. 
Years (Y) 1 0.552* 1.298 0.77 
Lines (L) 8 0.614** 3.24* 11.23** 13. 11*-
L X Y 8 0.09 0.70 0.83 2. 9 
Error 71 0.296 0.98 1.83 2.a 
*P < .05. 
**P < .01. 
Table 21. Analysis 
adjusted 
of variance for embryonic weight at hatching time 
for covariance in initial egg weight 
Source of variation d .f. Mean square 
Lines 8 7.40*, 
Error 80 2.86 
*P < 0.05. 
any two adjusted means not underscored by the same line are statistically 
significant at the 5% level. That is, at 6 days of incubation, lînas B, 
E and D were significantly different from line A. In general, differences 
in embryonic growth rate between lines and crosses were not consistent 
until about 10 days of incubation. 
The correlation (r) between embryonic growth rate and egg we£gh.t 
was calculated at each age. The correlation of embryo size and egg size 
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Table 22. Multiple range test at different stages of incubation for 
testing the significant difference between individual lines, 
crosses and control line 
Embryo 
age (days) 
6 Line or cross BE D CxB ExD DxE C BxC A 
growth rate 0.46 0.47 0.48 0.51 0.52 0.538 0.541 0.542 0.60 
significance 
10 Line or cross EC D DxE A CxB BxC ExD B 
growth rate 2.68 2.70 3.00 3.01 3.02 3.08 3.17 3.18 3.22 
significance 
12 Line or cross C CxB A B ExD D E BxC DxE 
growth rate 5.02 5.29 5.40 5.50 5.55 5.64 5.65 5.69 5.87 
signiricance 
14 Line or cross CxB BE C DxE A ExD BxC D 
growth rate 8.88 8.89 9.63 9.80 9.83 .9.88 10.33 10.35 10.42 
significance 
16 Line or cross E CxB DxE ' C B BxC ExD A D 
growth rate 10.32 10.75 10.76 11.04 11.11 11.98 12.11 12.62 12.81 
significance 
18 Line or cross E DxE C ExD A BxC CxB B D 
growth rate 18.21 19.56 20.44 22.30 22.31 22.32 22.48 22.78 23.29 
At hatch 
Line or cross DxE E C 
growth rate 26.34 26.84 27.80 
Significance 
BxC A CxB B ExD D 
29.94 34.50 40.04 41.36 42.53 43.14 
^Any two means not underscored by the same line are significantly 
different at 5% level. 
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ranged from -0=17 at 8 days to 0.90 at hatching time (Figure 2). In general 
the correlation of embryo size and egg size was near zero up to 14 days 
but reached 0.5 at about 16 days and 0.9 at hatching time. The negative 
correlation between embryo size and egg weight at 6 and 8 days of incuba­
tion might be a consequence of small eggs warming up faster than large 
eggs and, therefore, showing earlier embryonic development. The positive 
correlation at later stages of incubation would be expected because chick 
size should be limited by the available space in the egg shell during the 
latter stages of incubation (Byerly, al., 1938). 
E. Hatchability and Incubation Time 
The percent of hatchability at different stages of incubation for the 
various lines, crosses and groups are presented in Table 23. Figure 3a 
presents the hatchability data relative to 22 days of incubation for the 
control A, all large groups and all small groups, eggs classified into 
large, intermediate and small size eggs. Figure 3b presents the hatch-
ability for the control line A, all crosses and all selected lines. 
Figure 3C presents the relative hatchability for the control line A, line 
B and line D. These results show that the crosses hatched better than the 
pure lines but the time required for hatching was about the same. The 
time required to complete the hatch was least for the control line A with 
intermediate egg size, although the small egg lines were only slightly 
slower. The large egg lines required approximately 24 hours or longer 
to complete their hatch. Also, the high body weight line B required more 
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Table 23. Percent hatchability at different stages of incubation^ 
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VI. DISCUSSION 
A. Objectives and Accomplishments 
The purpose of this study was an attempt to give greater insight 
into the question of fitness decline in populations selected for highly 
heritable metric traits. The model used was hatchability of chicken 
eggs of lines selected for extremes in body weight and egg weight. Ex­
periments were designed to compare the relative effects of upward with 
downward selection, and to compare the loss in hatchability from in­
breeding depression with that from changing the phenotypic size of the 
egg which limits the space and of nutrients available to the develop­
ing embryo. Studies were also made on the decline in hatchability, as 
measured in a normal incubation period, from late hatching of eggs of 
lines selected for large size. Finally, experiments were devised to 
measure changes in buffering capacity from selection for body weight 
and egg weight. 
Buffering capacity was measured as the ability of hatching eggs from 
a given line or genetic group to withstand adverse effects of prolonged 
pre-incubation storage or effects from not turning the .hatching eggs 
during the first 10 days of incubation. 
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B. Fitness Decline and Selection 
The observed decline in hatchability, as a reproductive fitness 
component, with selection for a metric trait could result from either 
phenotypic or genetic effects. Individuals selected for an extreme 
metric trait might be less fit because of a causal phenotypic relation­
ship or because the underlying genotype is sub-optimal. Under the first 
assumption the decline in hatchability would result solely from the 
extreme phenotypes being less fit, as such, and not from the possible 
change in the underlying genetic constitution (Latter, 1960), If pheno­
typic change is the basic cause of poor hatchability then chickens with 
identical body weights or egg weights should show the same hatchability 
rate even though they represent different lines. However, observations 
show that this is not the case. Also, a purely phenotypic model is un­
satisfactory because it does not take into account changes occurring in 
the gene pool from artificial selection which might alter the genetic 
and phenotypic relationship between metric traits. It is reasonable to 
assume that the relationship between a metric trait and fitness would 
change when the genetic constitution of a population changes. When 
selection limits are reached, it is reasonable that the selection will 
be much stronger than when the population was intermediate for this 
trait. Thus, the phenotypic model is not satisfactory since gene fixa­
tion cannot be avoided and genetic variation would be reduced to zero 
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(Fisher, 1930; Robertson, 1956). 
Artificial selection if it is effective at the genotypic level, 
changes gene frequencies. These changes may be directional as a conse­
quence of the imposed selection pressure or they may be random due to 
the restricted population size (Lerner, 1958). Since the state of 
genetic equilibrium will be disturbed by artificial selection, corre­
lated responses in traits other than those selected will occur. Genetic 
mechanisms of pleiotropy, linkage, dominance, and epistasis are assumed 
to be responsible for these correlated changes. The correlated response 
in fitness is expected to be negative when the base population is in 
genetic equilibrium. 
1. Fitness and homeostasis 
The homeostatic model is based on Lerner's (1954) concept of genetic 
homeostasis which assumes that reproductive fitness exhibits overdominance 
while metric traits are controlled by many loci with small additive ef­
fects. Therefore, extreme phenotypes would be less fit because they are 
more homozygous than intermediates and natural selection for the superior 
heterozygotes would tend to maintain the genetic variation in a popula­
tion. However, the results of this study showed that the crosses were 
still poorer in hatchability than the control line. This indicates 
genetic depression effects aside from that accounted for by inbreeding. 
For example, the decline in hatchability of the upward selection lines 
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tended to be greater than for the downward selection lines while the ef­
fects of inbreeding is expected to be the same in lines of equal popula­
tion size. Therefore, the loss in hatchability must be accounted for 
by some genetic mechanism other than inbreeding. The mechanism could be 
a consequence of the changes in the frequencies of those metric trait 
genes for which selections were made. The possibility that egg weight 
and body weight in the base population were not optimum for fitness also 
has to be taken into account. Since the Leghorn base population origi­
nated from commercial flocks in which some efforts were probably made to 
maintain at least standard sized eggs, the mean egg weight might have 
been the optimum (Lerner, 1951). Therefore, selection for low egg weight 
would not have decreased hatchability very much. On the other hand, the 
smaller decline in hatchability in the low Leghorn lines compared to the 
high Leghorn lines could have resulted from differences in the intensity 
of selection for heterozygous genotypes. In this case the increase in 
directional homozygosity (i.e., the genes determining the selected trait) 
would be less in the downward than in the upward lines. This could ac­
count for the relatively higher hatchability in the low lines. 
2. Effect of linkage on hatchability 
The importance of polygenic balance and linkage has been stressed 
by Mather and Harrison (1949). These workers attributed the decline in 
fertility in high abdominal bristle lines of Drosophila melanogaster 
mainly to linkage. Latter and Robertson (1962) held linkage responsible 
for the reduction in fitness in two of their high and low abdominal bristle 
number lines of the same species but concluded that pleiotropy could 
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also be important. 
In the present study the decline in hatchability with selection 
in the Leghorn lines could be accounted for either by pleiotropy or by 
linkage between loci affecting the trait under selection and hatch-
ability. 
C. Genetic Load and Inbreeding Depression on Hatchability 
If overdominant loci determine fitness or hatchability a decline 
in fitness would be expected with inbreeding. The estimated cumulative 
difference of 7 percent in inbreeding between selected lines and the con­
trol line would not seem to account for the total observed decline in 
hatchability in the selected lines. Moreover, the differences in hatch-
ability between the selected lines should not be attributable to differ­
ences in level of inbreeding since population size was practically the 
same for all the selected lines. On the other hand, inbreeding would tend 
to make the lines different and would therefore account for.some of the 
variation of hatchability between lines. 
Although crossing the up and down selected lines should cancel 
out the increased genetic load from directional changes in gene frequency 
or in inbreeding from finite population size, the phenotypic deviation 
effect of egg size on hatchability would remain. The latter was regarded 
as a maternal egg size effect or a selection load effect of egg size. 
Estimates of the various kinds of genetic loads were compared as 
to their effects on hatchability. These included the genetic load under 
random mating (A), the mutation load disclosed by inbreeding (B), and the 
selection load effect per gram increase in egg weight (M). The mutation 
load effect estimated in the body weight lines B and C was about 60 times 
times greater than in the small egg line E. Also mutation load estimated 
in the large egg line D was about 47 times greater than for line E. This 
result may represent only strain differences and not effects of selection 
since other species may also show variation among strains in genetic load. 
The frequencies of lethals and semilethals on the second and third 
chromosomes of Drosophlla willistoni found in populations from Florida, 
Cuba, and several regions of Brazil are not uniform, and differ signifi­
cantly in frequencies of lethal equivalents (Dobzhansky ^  a]^. 1963; 
Malogolowkenr Cohen, Leven, Dobzhansky and Simmon 1964). 
The B/A ratio of Morton, Crow and Huiler (1956) is supposed to 
indicate if the decreased hatchability is caused by recessive deleterious 
alleles (mutational load) or by increased homozygosity of overdominant 
alleles (the segregational load). Whichever load prevails in the present 
data, the very low values of B/A indicates the genes in question are 
overdominant. If there are many alleles per locus this conclusion is 
strengthened. These results are in agreement with Pisani and Kerr (1961) 
indicating that overdominance is important in chickens, although this 
seems not to be the case either in humans (Morton, Crow and Muller, 1956; 
Crow, 1958) or in swine (Kicks,1967). 
The observed importance of overdominant loci might be due to the 
long history of inbreeding in domestic animals having a short reproductive 
life. That is, the ordinary lethals and semilethals may have been re­
moved. Thus, the variance of fitness would be largely determined by 
heterotic genes. 
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The B/A ratios observed in this study were very low. This indicates 
that the segregational load is more important than the mutational load. 
Nei (1965) showed that even if epistasis and linkage were present the 
B/A ratio, in the case of segregational load, would still be low, and 
would be equal to the number of different gamete types for completely 
linked loci and less than this for loci with some independence. However, 
for the present study there is no evidence that the genetic load is mu­
tational. 
The B/A ratio and its importance in Drosophila has been reported 
by Dobzhansky et a_l_. (1963) and Malogolowkin-Cohen et a]^. (1964). Fairly 
low B/A ratios were interpreted to mean the greater importance of the 
segregational over mutational load. Pisani and Kerr (1961) also found 
evidence of epistasis in two different breeds of chicken (White Leghorn 
and Barred Plymouth Rock). 
A basic assumption in estimating the genetic load, or lethal equiva­
lents, is that the population is at equilibrium before inbreeding and 
that all inbreeding takes place in one generation. Admittedly, data 
from selection experiments hardly meet this basic assumption. The useful­
ness of the genetic load approach to the data at hand is therefore open 
to some question. From a practical standpoint the genetic load disclosed 
by increeding (B) would be equivalent to the inbreeding depression ef­
fect as commonly estimated from regression. Operationally the basic dif­
ference in the two methods is that the former involves a logarithmic 
transformation of the hatchability data. This means that the question­
able aspect of the genetic load approach pertains to the interpretation 
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of lethal equivalents. That is, from data on selection experiments we 
cannot say that one lethal equivalent is due to one lethal gene, or, to 
two genes each with a probability of a half of having a lethal effect, 
or to three genes each with a probability of a third of having a lethal 
effect, etc., as in the ideal sense proposed by Morton, Crow and Mueller. 
Nevertheless, it seemed convenient in the present study to use the genetic 
load approach, first, because its use should not bias any treatment com­
parisons. Secondly, it provides a convenient common ground for comparing 
effects of selection (as defined by M) with effects of inbreeding (as . 
defined by B). Finally, since individual inbreeding coefficients were 
not available for this study, the conventional regression approach of 
hatchability on degree of inbreeding could not be carried out. 
D. Hatching Time and Hatchability 
This study shows that measuring hatchability at 21 days of incu­
bation may be biased, and that hatching time may have a genetic basis 
independent of egg size. Also, the results show that, phenotypically, 
egg weight is positively correlated with hatch time but negatively cor­
related with hatchability. It is clear from the results that hatchability 
defined at 21 days of incubation is distinctly different than hatcha­
bility defined at 22 days. Thus, hatchability is dependent on the in­
cubation time period over which hatchability is defined. For this reason, 
the time period determining hatchability should be explicitly defined for 
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experiments on hatchability. True hatchability would be defined with 
sufficient time for all eggs to hatch. However, in this study the medium 
and small eggs, which usually have the shortest hatching time were 
highest in hatchability defined for each of the five different periods 
of incubation. This suggests that hatching time has a heritable basis 
and therefore would be subject to either artificial or natural selec­
tion, as discussed by Smyth and Howes (1949). On the other hand, Lerner 
(1951) and Lerner and Gunns (1952), showed that in flocks selected for 
large eggs the optimum size giving highest hatchability is usually below 
the population mean. Thus, artificial selection for egg size would be 
opposed by natural selection. In this case natural selection may be for 
hatching time. 
The present study also indicates that selection for high body 
weight retards hatching time more than that which is accounted for by the 
correlated response in egg size. This may reflect only a difference in 
the intensities of natural selection between the two lines. Alternative­
ly, hatching time may have a genetic basis independent of egg size. 
Thus, the hatching time was least for the control line with intermediate 
egg size, although the small egg lines were only slightly slower. These 
results agree with reports of Byerly (1933); McNally and Byerly (1936); 
and Williams, Godfrey and Thompson (1951); Lerner (1951); Lerner and 
Gunns (1952); and Bohren, Crittenden and King (1960) showing that large 
eggs require a longer incubation time than smaller ones. 
# 
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E. Rate of Embryonic Development 
Although rate of embryonic development is a function of egg weight, 
the increase in embryo size is limited by the space and food supply of ' 
the egg. In general, chick weight at hatching time is proportional to 
its egg weight. During the latter period of incubation i.e., from 16 
days of incubation to hatching time, embryo weight is highly correlated 
with egg weight. The negative correlation at early stages of incubation 
might be a consequence of small eggs warming up faster than large eggs 
and, therefore, showing earlier embryonic development. These results 
are in agreement with the data of Byerly (1930);, Blunn and Gregory (1935); 
McNary, Bell and Moore, (1960); Bray and Iton (1962); Coleman et al. 
(1964; Zervas and Collins (1965). However, it does not agree with the 
data of Wiley, (1950) and Byerly, Helsel and Quinn (1938). 
F. Buffering Capacity and Genetic Homeostasis 
Since the selected Leghorn lines differed markedly in hatchability 
from their control after nine generations of selection, it was rather 
surprising to find that they were essentially as resistant to the no • 
turning treatment of the eggs during incu'bation as the control. On the 
basis of the estimated difference in the inbreeding coefficient (7 per­
cent) between the selected lines and the control, no great differences 
in buffering capacity to no turning treatment was expected, but it would 
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seem that other effects of directional selection might have decreased 
the buffering capacity. Thoday (1953) reported a considerable loss in 
buffering capacity during development with directional selection for high 
and low cheata number lines of Drosophila melanogaster. 
In the present study, directional selection certainly has reduced 
the resistance of embryos to the no turning treatment, i.e. the buffering 
capacity was lowered. However, the effect was more pronounced in the 
body weight lines than the egg weight lines and with upward selection 
more than with downward selection. The surprisingly high buffering 
capacity of the selected egg weight line embryos relative to the cross 
between the two lines suggests that canalizing selection (selection for 
increased buffering capacity against environmental stress during embryonic 
development) may have been fairly strong in the egg weight lines. Since 
the hatching eggs from the egg weight lines represented extreme egg 
weights during the course of the selection experiment, standard incuba­
tion conditions might not have been optimal. Thus, natural selection 
for an increased ability to cope with sub-optimal environment may have 
been quite strong. 
The difference between, upward and downward selection can be inter­
preted in terms of different intensities of natural .selection for buffer­
ing capacity to stress treatment to which the eggs were subjected during 
the selection experiment. Since the incubation conditions used were 
standard, they may have been more favorable for the upward selection 
lines, and thus the intensity of. natural selection for buffering to sub-
optimal incubation condition would be weak. 
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Apparently, increasing the level of heterozygosity (i.e., in the 
line crosses) was more effective in increasing the resistance to the no 
turning treatment than was the canalizing selection, i.e. natural selec­
tion tends to preserve normal development by eliminating alleles which 
increase the sensitivity to environmental stress conditions as inter­
preted in terms of Waddington's "canalizing" selection. These results 
are in agreement with the usually observed better buffering of hetero-
zygote individuals (Lerner, 1954; Lerner, 1955; Mather, 1953; Thoday, 
1953; Waddington, 1957) but in contrast with Olsen (1951). 
The differences in sensitivity to prolonged pre-incubation storage 
periods between lines conformed with expectation. The selected lines 
declined more in hatchability than the crosses or the control line when 
storage was prolonged. This indicates that resistance to prolonged 
storage was influenced by directional selection: an increase in hetero­
zygosity of the embryos decreased the sensitivity to prolonged storage. 
Thus, when the expected differences in the intensity of canalizing se­
lection are nil, buffering capacity to environmental stress will decrease 
with the intensity of directional selection but increase with the level 
of heterozygosity. These deductions are in agreement with Lerner's model 
of genetic homeostasis. 
Hatchability was more sensitive to extreme egg size in the selected 
pure lines than in the crosses i.e., the selected lines usually declined 
more in hatchability. Hence, heterozygous embryos were less sensitive to 
extreme egg weights. 
No effect of heterozygosity on buffering capacity could be detected 
by comparing the crosses with the control line A. This can be explained 
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by assuming that natural selection favors intermediate phenotypes for 
metric traits. 
The inheritance of metric traits is usually assumed to be based on 
additivly acting polygenes while the totality of traits determining 
reproductive capacity, but expressed as a single value such as hatcha-
bility, is usually thought to exhibit overdorainance (Lerner, 1954). 
There are several explanations for the argument that natural se­
lection discriminated against the relatively more homozygous individuals 
and that heterozygotes are better canalized or better buffered. First, 
according to Lerner (1954) "it is possible that under relatively stable 
conditions of environment normal for a particular genotype, the range of 
variability of some traits will be less in a group of heterozygotes than 
in homozygous population". Secondly, when shifts in the conditions occur, 
because of a change in the external environment or to mutation, the change 
in the phenotype from the original condition may be less in heterozygotes 
than homozygotes. Thirdly, the variation in the expression of bilateral 
or serially arranged characters may be less in heterozygotes than in 
homozygotes. Fourthly, as Lerner has stated, "repeatable reactions to 
some stimulus may have less amplitude of expression in heterozygotes than 
in homozygotes. The heterozygotes may have greater synthesizing abili­
ties or lower specific requirements than homozygotes. Possibly a given 
gene acts in a switch fashion with respect to another". On the other hand, 
the observations on buffering, being made on a phenotypic scale of measure­
ment, can reveal nothing about the exact process by which it is brought 
about (Lerner, 1954). However fitness as a whole exhibits the phenomenon 
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of overdominance, if every allele is assumed to be pleiotropic, with re­
spect to the selected traits and fitness (Lerner, 1954). 
Lerner (1954) suggested that heterozygosity has a dual function in 
the life of a population. On the one hand it provides a mechanism for 
maintaining genetic reserves and potential plasticity, and on the other 
it permits a large proportion of individuals to exhibit combinations of 
phenotypic properties near the optimum. This advantage is thought to be 
based on the greater adaptability of heterozygotes to unsystematic changes 
in the environment. Underlying these processes is the superior buffering 
ability of heterozygotes as compared with homozygotes (Lerner, 1954). 
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VII. SUÎ-3MARY 
The correlated response in reproductive fitness (hatchability) with 
selection for single metric traits was studied in five Leghorn lines, and 
certain crosses from the 5th to the 9th generation of selection. The 
five Leghorn lines were A, selected for high egg production, 3 and C, 
selected for high and low nine month body weight, and D and E, selected 
for high and low nine month egg weight, respectively. One year's data 
was available in the 9th generation of selection for the Fayoumi lines J, 
K and L with corresponding selection as practiced in Leghorn lines A, 
In addition to the decline in hatchability, the effect of metric 
trait selection on rate of embryonic growth, incubation, hatching time, 
and buffering capacity of embryos against induced stress factors were 
studied. 
The results were interpreted in terms of the concept of genetic 
load and lethal equivalents as developed by Morton, Crow and Muller. 
Hatchability was measured as the ratio of chicks hatched to the 
number of fertile eggs. The overall means for 5 years' data on the 
selected lines and crosses were as follows: 
Lines or cross Actual hatchability Relative to control 
A control 84.9 100.0 
S and D 
B B. W. up 70.4 82.9 
C 3. w. down 79.0 93.0 
D E. W. up 70.1 8 2 . 6  
2 E. W. down 80.1 94.3 
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Lines or cross Actual hatchability Relative to control 
B X C 8 6 . 6  1 0 2 . 0  
C X B 77.1 90.8 
B X E 80.2 94.5 
E X D 75.1 88.5 
Directional selection for body weight or egg weight reduced hatch-
ability. However, selection for high body and egg weight reduced.hatch-
ability more than for small body and egg weight. The reductions were 
statistically significant. The experiment indicated that extreme pheno-
types are reproductively less fit because of unfavorable changes in geno­
types. Part of this was accounted for by the inbreeding resulting from 
restricted population size of the selected lines. The decline in hatch-
ability was more in the upward than in the downward selection lines al­
though the expected inbreeding should be the same. This is also evidence 
that fitness decline would have to be accounted for by some genetic 
mechanism in addition to inbreeding. The mechanism is associated with 
directional selection, i.e., with changes in the frequencies of those 
genes directly influencing the traits selected. 
The number of lethal equivalents per zygote were estimated accord­
ing to Morton, Crow and Muller. These ranged from 0.92 to 0.014 for line 
B and E, respectively. Estimates of the selection load (maternal egg 
size effect) in terms of number of lethal equivalents per zygote per 
gram of genetic increase in egg weight ranged from 0.02 to -.012 for 
lines E and E, respectively. The low ratio of mutational load to 
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segregational load found in this study suggests overdominant or epistatic 
loci for hatchability. 
Although the crosses hatched better than the pure lines, the time 
required for hatching was the same. The time required to complete the 
hatch was least for the control line with intermediate egg size; the 
small egg lines hatched somewhat slower. The large egg lines required 
approximately 24 hours or more time to complete their hatch compared to 
the control. Also, the high body weight line required more hatching time 
than the high egg weight line. The results suggest that selection for 
high body weight retards hatching time more than can be accounted for by 
the correlated response in egg size. If so, then hatching time may have 
a genetic basis independent of egg size. 
Differences in embryonic growth rate between lines and crosses 
were not consistently different until 10 days of incubation. The corre­
lation of embryo size and egg size was near zero up to about 14 days but 
was 0.50 at 16 days and 0.90 at hatching time. 
Crosses between lines selected high and low were better buffered and 
less sensitive to the no turning treatment of the eggs the first 10 days 
of incubation. Also they were better buffered and less sensitive to pro­
longed pre-incubation storage time than the corresponding pure lines. 
Finally, the large eggs from cross lines hatched better than those from 
the pure lines, again showing better buffering ability. 
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VIII. CONCLUSIONS 
1. Directional selection for body weight and egg weight reduces 
hatchability as a correlated response in reproductive fitness. 
2. The correlated response was asymmetric: hatchability declined 
more with upward than with downward selection. This seems to be caused 
by some genetic mechanism in addition to inbreeding depression and is 
probably associated with fixation of genes which increase body weight 
and egg weight. 
3. Inbreeding due to restricted population size accounted for 
only a little of the observed decline in hatchability. 
4. The number of chicks hatched at 21 days of incubation as a 
criterion for hatchability may be a biased estimate when strains differ­
ing in egg size are compared. Hatching time may have a genetic basis 
independent of egg size. 
5. During the early stages of embryonic development embryo size 
seems to be independent of egg size but after 14 days is positively cor­
related with egg size. 
6. No turning of the eggs the first 10 days .of incubation, regarded 
as a stress factor, reduced hatchability more than 50 per cent. 
7. Directional selection for single metric traits decreased the 
buffering capacity of hatching eggs to withstand stress treatment. In­
creasing heterozygosity by line crossing improved buffering capacity. 
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A H.E. production 64.3 70.6 69.7 64.2 67.2 67.2 
B B.W. up 54.3 58.2 57.4 57.7 57.4 57.0 
C B.W. down 64.5 62.4 59.9 61.8 65.3 62.8 
D E.W. up 52.9 56.8 51.2 59.0 56.6 57.1 
E E.W. down 71.3 64.0 65.0 59.2 62.5 64.4 
C X B 
B X C 
D X E 

















6 2 . 0  
70.4 
64.7 





Average 62.4 63.6 63.1 59.5 64.6 62.7 
101 
Table 25. Influence of pre-incubation storage time, egg size, and no 






control no turning 
t tg/ti 
(percent) 
1 Large 95.4 42.6 68.9 44.6**^ 
Medium 91.3 52.1 71.8 57.0** 
Small 95.4 55.8 75.7 58.4** 
All 94.0 50.1 72.1 53.2** 
Chi-square^ n. s. n.s. n.s. 
2 Large 93.9 37.4 67.0 39.8** 
Medium 92.5 47.5 73.5 51.3** 
Small 90.8 48.3 68.8 53.1** 
All 92.4 44.7 69.9 48.3** 
Chi-square^ n • S o n.s. n.s. 
--
Combined storage periods 
Large 94.7 40.2 68.1 42.4** 
Medium 92.0 50.0 72.7 54.3** 
Small 93.1 57.0 72.2 • 55.9** 
All 93.2 47.6 71.1 51.1** 
Chi-square^ n. s. * n.s. — 
^^Significant at the 1% level. 
^Significant at the 5% level. 
^Chi-square test that tg/t^ / 100 percent-
b 
Chi-square test on differences between three egg weight classes-
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Table 26. Influence of pre-incubation storage time, egg size, and no 
turning treatment on the hatchability of pure line B embryos 
Storage Weight Treatment _ 
time class ti t^ t t^/t^ 
(weeks) control no turning (percent) 
1 Large 60.9 16.7 39.5 29.1**a 
Medium S3.5 31.5 57.5 37.7** 
Small 76.1 34.3 55.2 45.1** 
All 74.0 28.0 51.2 37.8** 
Chi-square^ ** * ** 
--
2 Large 55.0 16.7 40.2 30.3** 
Medium 70.0 27.5 54.1 39.2** 
Small 67.1 25.0 49.6 37.2** 
All 65.0 23.4 48.4 36.0** 
Chi-square^ n.s. n.s. n.s. — 
Combined storage periods 
Large 58.1 • 16.7 39.8 28.7** 
Medium • 7ô.8*c 29.8 55.9 38.8** 
Small 71.6 30.4 52.6 42.5** 
All 69.4 26.1 49.9 37.6** 
Chi-square^ ** * ** 
--
**Significant at the 1% level. 
^Significant at the 5% level, 
^Chi-square test that t^/t^ / 100 percent. 
b 
Chi-square test on differences between three egg weight classes. 
^Chi-square test on differences between two storage periods 
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Table 27. Influence of pre-incubation storage time, egg size, and no 







control no turning 
t t2/ti 
(percent) 
1 Large 69.8 31.0 51.2 44.4*** 
Med ium 84.8 54.4 70.7 64.1** 









Chi-square^ ** •k-k ** 
— 
2 Large 73.1 18.2 47.9 24.8** 
Med ium 80.6 36.2 61.5 44.9** 
Small 80.3 43.2 64.0 53.7** 
All 78.2 32.6 58.0 41.6** 
Chi-square^ n.s. * * 
Combined storage periods 
Large 71.3 25.5 49.8 35.8** 
Medium 82.8 46.2  ^ 66.4 55.8** 
Small 85.GC 51.GF 69.8 60.3** 
All 80.1 41.3 62.2 51.6 
Chi-square^ ** .  * *  
**Significant at the 1% level. 
^Significant at the 5% level-
^Chi-square test that t2/ti / 100 percent • 
'^Chi-square test on differences between three egg weight classes . 
^Chi-square test on differences between two storage periods. 
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Table 28. Influence of pre-incubation storage time, egg size, and no 






control no turning 
t t2/ti 
(percent) 
1 Large 70.3 26.5 51.1 37.6*** 
Medium 92.3 37.6 67.7 40.7** 
Small 93.8 55.4 76.3 59.0** 
All 85.4 40.1 65.0 46.9** 
Chi-square^ ick •k-k -k-k - -
2 Large 58.8 14.5 40.1 24.6**3 
Medium 79.0 28.7 57.2 36.3** 
Small 75.6 25.4 54.9 33.5** 
All 71.0 23.0 54.7 32.3** 
Chi-square^ ** •k-k •k-k 
Combined storage periods 
Large 65.0=* 21.3* 46.2c* 32.8** 
Medium 86.3* 33.8** 63.0** 39.2** 
Small 85.8** 43.5** 66.9** 50.7** 
All 79.0 32.8 58.9 41.5** 
Chi-square^ ** -k-k •k-k 
- -
**3ignificant at the 1% level. 
*3ignificant at the 5% level. 
^Chi-square test that t2/t^ / 100 percent. 
D _ .  .  Chi-square test on differences between three egg weight classes 
Cov, J Chi-square test on differences between two storage periods. 
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Table 29. Influence of prc-incubation storage time, egg size, and no 






control no turning 
t t2/ti 
(percent) 
1 Large 80.6 36.8 59.7 45.6**3 
Medium 88.9 45.7 74.1 51.4** 
Small 83.3 43.8 64.1 52.5** 
All 84.3 42.2 65.8 50.0** 
Chi-square^ * * * 
--
2 Large 80.5 18.0 55.0 22.3*** 
Medium • 92.5 30.6 66.1 33.0** 
Small 92.0 36.9 68.8 40.1** 
All 88.2 28.6 63.2 32.4** 
Chi-square^ •k n- s. ** 
— 
Combined storage periods 
Large 80.5 28.4*c 57.4 35.2** 
Medium 90.7 38.9* 67.1*c 42.9** 
Small 87.8 40.8* 67.3 46.5** 
All 86.3 36,1 63.6 41.8** 
Chi-square^ •k n.s. ** 
- -
^^Significant at the 1% level. 
••^Significant at the 5% level. 
^Chi-square test that t2/ti / 100 percent . 
^Chi-square test on differences between three egg weight classes . 
Cchi-square on difference between the two storage periods . 
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Table 30. Influence of pre-incubation storage time, egg size, and no 





t i  tg 
control no turning 
t t2/ti 
(percent) 
•1 Large 88.7 42.4 65.3 47.8*** 
Med ium 93.7 44.7 69.8 47.7** 
Small 76.8 56.4 66.0 73.4* 
All 86.8 48.0 67.1 55.2** 
Chi-square^ •k-k n.s. n.s. 
2 Large 88.0 36.3 65.3 41.2**^ 
Medium 88.6 47.8 70.7 53.9** 
Small 81.4 44.6 66.7 54.7** 
All 85.8 43.0 67.5 50.1** 
Chi-square^ n.s. n.s. n.s. 
- -
Combined storage periods 
Large 88.3 39.6 65.3 44.8** 
Medium 91.1 46.2 70.3 50.7** 
Small 79.5 51.0 66.3 64.2** 
All 
"k 
86.3 45.7 67.3 52.9** 
Chi-square 
**Significant at the 1% level . 
"'Significant at the 5% level. 
^Chi-square test that t^/t^ r 100 percent. 
^Chi-square test on differences between three egg weight classes-
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Table 31. Influence of pre-incubation storage time, egg size, and no 
turning treatment on hatchability of cross line B x C embryos 
Storage Weight Treatment 
t ime class tl t2 t t2/ti 
(weeks) control no turning (percent) 
1 Large 98.5 59.4 79.1 60.2*** 
Medium 95.1 62.9 79.2 66.1** 
Small 90.7 64.0 78.3 70.5** 
All 94.8 62.1 78.9 65.5** 
Chi-•square^ ** n.s. n.s. — 
2 Large 92.7 68.2 81.0 73.5** 
Medium 88.2 56.7 74.4 64.2** 
Small 91.7 60.2 77.8 65.6** 
All 90.7 61.4 77.4 67.6** 
Chi-•square^ n. s. n. s. n.s. 
— 
Corr.bined . storage periods 
Large 95.2**^ 63.5 79.8 66.7** 
Medium 91.5* 60.0 76.8 65.6** 
Small 91.3 62.2 78.0 68.1** 
All 92.5 61.8 78.1 66.8** 
Chi-square^ n.s. n.s. n.s. 
- -
^^Significant at the 1% level. 
•^'Significant at the 5% level. 
^Chi-square test that t2/t]_ / 100 percent . 
®Chi-square test on differences between three egg weight classes. 
"^Chi-square test on differences between two storage periods. 
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Table 32. Influence of pre-incubation storage time, egg size and no 






control no turning 
t tg/ti 
(percent) 
1 Large 92.2 41.7 66.7 45.2*** 
Medium 91.4 43.8 68.3 47.9** 
Small 87.0 38.0 60.1 43.6** 
All 90.2 40.9 64.8 45.3** 
Chi-square^ n.s. n.s. n.s. — 
2 Large 89.5 35.8 66.2 39.9** 
Medium 80.4 41.0 62.8 50.9** 
Small 87.9 23.1 60.0 26.2** 
All 85.8 33.6 62.9 39.1** 
Chi-square^ n.s. n.s. n.s. 
--
Combined storage periods 
Large 90.8 39.0 66.5 43.0** 
Medium 84.9* 42.5 65.6 49.5** 
Small 87.5 32.0*c 60.1 36.6** 
All 87.9 37.7 64.0 42.9** 
Chi-square^ n.s. n.s. n.s. 
--
^^Significant at the 1% level. 
^Significant at the 5% level, 
a. Chi-square test that t2/ti_ / 100 percent. 
^Chi-square test on differences between three egg weight classes 
'Chi-square test on differences between the two storage periods. 
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Table 33. Influence of pre-incubation storage time, egg size, and no 






control no turning 
t t2/ti 
(percent) 
1 Large 85.4 40.0 62.2 46.8*** 
Med ium 93.2 39.3 65.5 42.1** 
Small 92.1 37.5 61.7 40.7** 
All 90.4 38.9 63.2 43.0** 
Chi-square^ n.s. n.s. n.s. - -
2 Large 88.3 38.2 66.4 43.2** 
Medium 94.4 37.2 68.3 39.4** 
Small 81.5 27.2 59.6 33.3** 
All 88.1 34.5 65.4 39.1** 
Chi-square^ n. s. -k n.s. 
Combined storage periods 
Large 87.0 39.2 64.4 45.1** 
Medium 93.7 38.4 67.8 41.0** 
Small 86.0*^ 33.3 60.7 38.7** 
All 89.2 36.9 64.4 41.4** 
. b 
Chi-square n.s. n.s. n.s. 
**Significant at the 1% level. 
^Significant at the 5% level. . 
^Chi-square test that t2/t]_ / 100 percent. 
^Chi-square test on differences between three egg weight classes. 
^Chi-square test on differences between the two storage periods. 
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Nf 25 30 30 30 42 38 46 48 43 29 
N g  8 8 8 8  7 8 8 9  6 5  
C 
Nf 30 30 35 38 35 40 33 38 33 39 
8 8 8  8 8  8 8 7  6  6  
D 
Nf 31 29 33 34 40 39 38 38 42 36 
Nm 8 8 9 8 8 8 7 6 7 7 
E 
Nf 27 27 30 34 39 40 38 38 37 31 
I l l  






1962 1963 1964 1965 1966 Mean Deviation 
from control 
I D 63. Ô 70.0 60.7 73.5 82.9 70.1 -14.8 
II ExD 77.0 57.1 69.5 70.3 83.7 75.1 -9.7 
I E 89.7 80.8 82.1 73.7 78.7 80.1 -4.8 
II DxE 76.5 86.3 85.6 77.5 81.7 80.2 -4. 6 
I A control 82.5 88.2 87.7 81.1 85.0 84.9 
II A control 79.8 90.0 88.3 81.1 85.0 84.8 
I B 66.0 72.7 70.9 71.5 70.9 70.4 -14.5 
II CxB 82.1 80.1 86.5 58.5 78.0 77.1 -7.7 
I. C 81.6 78.6 74.9 77.7 82.5 79.0 -5.9 
II BxC 85.0 86.7 90.4 82.3 88.7 86. 6 11.8 
Table 36. Hatchability of Leghorn and Fayoumi crosses (1966) 
Repli­




L BxK KxB DxL LxD 
1 89.6 63.9 78. 6 85.8 66. 0 67.0 79.4 74. 0 86. 8 87.9 
2 91.0 61.0 79. 0 86.7 70.7 74.3 80.0' 74. 0 91. 2 88.8 
Average 90.3 52.5 78. 8 86.3 68.4 70.7 79.7 74. 0 89. 0 88.4 
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Table 37. Average weight of embryos at different age adjusted for co-
variance in initial egg weight 
Line Embryos age (days) 
or 
4 6 8 10 12 14 16 18 At hatch 
cross 
A control 0.15* 0.50 1.36 2.88 5.80 10.89 17.66 24.81 38. 60 
B B.W . up 0.10 0.34 1.39 3.05 5.99 10.22 17.38 25.94 46. 20 
C B.W . down 0.12 0.45 1.23 2.57 5.36 10.73 16.40 22.52 31. 50 
D E.W . up 0.10 0.35 1.30 2.82 6.13 11.76 17.27 26.45 47. 90 
E E.W . down 0.11 0.39 1.13 2.57 5.99 10.48 14.16 20.21 30. 90 
CxB 0.11 0.39 1.32 2.92 5.80 10.13 15.85 25.74 45. 90 
BxC 0.13 0.46 1:39 3.06 6.03 11.26 17.18 24.68 33. 00 
DxE 0.11 0.46 1.35 2.91 6.19 10.65 14.63 21.65 29. 30 
ExD 0.12 0.39 1.41 3.01 6.05 11.60 15.98 25.64 49. 50 
height in grams 
Table : ÎS. Correlation (r) between egg size and embryonic weight at 
different stages of incubation 
Age of embryos (days) T <P< 
4 0.098 -.09 .29 
6 -0.093 
-.1 .28 
S -0.174 -.:02 .35 
10 0.004 
-.29 .29 
12 0,044 . 16 .23 
14 0.054 
-.15 .24 
16 0.508 — .36 .64 
18 0.300 .1 .45 
At hatching 0.900 .85 .93 
